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Abstract

Plastics have been used in almost every household appliance and various industrial applications for
more than one hundred years. Plastic is among the most used materials in manufacturing worldwide. Plastic
is cheap, light, durable, flexible, non-toxic, etc., and these properties make it suitable to use in
manufacturing many types of appliances and materials. There has been an excessive reliance on plastic,
leading to mass production. Despite being overly produced, there has been very little effort to recycle
plastic, leading to massive accumulation of this environment. Plastic wastes are found in large patches in
the world's oceans, waterways, and land. In the air, plastic exists in the form of microplastics.
Recently there has been focused attention on solving plastic waste pollution. Traditionally, there
has been some recycling, but most of the plastics accumulate in landfills. Chemical recycling has been used
but only to a small extent. Many organizations and companies have embarked on research to find
sustainable ways of dealing with plastic waste, especially due to its environmental impact.
Traditional chemical recycling has not worked well, and the focus is now on alternative methods.
One of the key methods that have been of discussion of late is biodegradation, which involves the use of
microorganism to breakdown plastic polymer into simpler substances that are less harmful to the
environment
Unlike traditional chemical recycling methods, biological methods are less energy-intensive, less
environmentally harmful, and may prove to be cheaper and more sustainable. Bio-upcycling involves using
biological methods to breakdown plastic long-chain polymers into smaller monomeric units that can be
further transformed into high-value products. This work proposes using engineered microorganisms to
biodegrade Polyethylene Terephthalate (PET) plastic into Terephthalic Acid (TPA) and Ethylene Glycol
(EG).

ix

These monomers are then fermented to produce volatile organic compounds of high value. The
volatile organic compounds were chosen to simplify separation, which leads to a reduction of energy
consumption and makes the process energy efficient. Techno-economic analysis of such a process is done
to understand the profitability of such a venture.
The study focuses on designing a plant with a capacity of 50 metric tons of PET per day. The
process begins with the material collection, sorting, and then pretreatment. In pretreatment, PET undergoes
shredding for size reduction of 5-10 millimeters particles. The pretreated PET then goes through enzymatic
hydrolysis producing TPA and EG, which are then co-fermented to produce acetone as the volatile organic
product. The acetone produced is then separated through air stripping or vacuum extraction from the
fermentation broth. Economic analysis is performed to determine if the proposed design is feasible. In terms
of feedstock, the primary cost driver is the price of PET, which is 10 cents per pound. Sensitivity analysis
shows that costs lower than 10 cents per pound would significantly improve the process's profitability.
At a plant capacity of 50 metric tons per day, considering simultaneous hydrolysis and
fermentation, the minimum selling price or acetone breakeven price is 0.69 $ per pound. This result is
obtained considering the market price of acetone to be 0.3450 $ per pound, and a discounted cash flow
analysis was done at an internal rate of return of 10%. These results indicate that the venture would not be
profitable at this current capacity. However, when carbon yield is increased from 46% to 91%, the venture
becomes profitable. However, the maximum theoretical yield attainable using acetone is 75%. Based on
this result, it would be recommended to find another product that can achieve a 91% or higher carbon yield.
Additionally, when the plant capacity is increased from 50 to 500 metric tonne per day, all other
parameters are kept constant; the venture would profit. At the proposed capacity of 50 metric tons per day,
the plant can produce 2.2 million gallons of acetone per year. The total capital investment is 15.7 million
dollars, and operating expenses cost 9 million dollars per year. Sensitivity analysis shows that the carbon
yield, fermentation productivity, and PET cost significantly influence the profitability of the process.

x

Chapter 1: Introduction

1.1. Background of the Study
The invention of a synthetic polymer called ‘Bakelite’ by Leo Baekeland in 1907 led to the
introduction of plastics. Bakelite became the first fully synthetic plastic. During the 2nd world war, plastic
production increased by more than 300% in the US. By 1950, plastic production was about two million tons
per year. Soon after, plastic production started growing very fast due to its useful properties such as.
durability, lightweight, versatility, and low cost. [1]. By 2015, annual production had increased nearly 200fold, reaching 381 million tons [2]. Around 6300 million tons of plastic waste (PW) has been generated by
the same year, and 76% were discarded to landfills or leaked into terrestrial and marine ecosystems [2].
The United States Environmental Protection Agency asserts that 75% of this plastic waste is
discarded in landfills, 16% combusted for energy recovery, and only 9% is recycled. Although energy
recovery exploits plastic waste's embodied energy, there are concerns about the emission of hazardous
compounds and particles that have reduced its overall acceptability [3].
Plastics in the ocean entangle, trap, and encircle marine animals. Case of entanglement has been
reported for at least 344 species to date, including all marine turtle species, more than two-thirds of seal
species, one-third of whale species, and one-quarter of seabirds [4]. Entanglements most commonly involve
plastic rope and netting [5] and abandoned fishing gear [4]. Manufacture and refining plastics are among
the most greenhouse gas-intensive industries in the manufacturing process. Plastic manufacture is both
energy-intense and emissions-intent, producing significant emissions through the cracking of alkanes into
olefins, the polymerization and plasticization of olefins into plastic resins, and other chemical refining
processes. In 2015, 24 ethylene facilities in the US produced 17.5 million metric tons of 𝐶𝑂2 , emitting as
much 𝐶𝑂2 as 3.8 million passenger vehicles. Globally in 2015, emissions from cracking to produce ethylene
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were 184.3–213.0 million metric tons of𝐶𝑂2 , as many as 45 million passenger vehicles driven for one year
[6].
In 2017, nearly 5,913 million pounds of Polyethylene Terephthalate (PET) bottles were sold into
the US marketplace. Of all these, about 29.2 % were recycled ( that is 1,726 million pounds) [7]. Mechanical
and chemical recycling methods have been the traditional methods used in PET recycling. The mechanical
method is preferred since it's cheaper, faster, and more manageable. The chemical method is costly, timeconsuming, and involves complex chemical processes like depolymerization [8]. Quaternary recycling or
energy recovery is a valuable alternative for plastics-rich waste fractions that cannot be sustainably recycled
or deteriorated plastics due to its continuous recycling. The method refers to the recovery of the energy
content of plastics by incineration. This method is currently the most eﬀective way to reduce the volume of
organic materials. However, this method yields many toxic substances in smoke and ashes, hence regarded
as ecologically unacceptable.
Naturally, there are several ways in which plastic gets degraded: thermo-oxidative,
photodegradation, hydrolytic, and biodegradation by microbes [9]. Natural degradation commences with
photodegradation when the ultraviolet light provides activation energy needed to bind oxygen into the
plastic [9], [10]. Plastics will then get brittle and start breaking into smaller pieces, but this process will
take a long time because plastics have only existed in nature for a short time. After an average of 450 years,
the polymer chain will break down to a level that microbes can then metabolize for PET plastic. [11]. In
the sea, photodegradation is hindered by the water; therefore, the process takes even longer [9].
Recently, there has been development in the biological method of recycling plastics based on
microorganisms. Bio-based processes are less energy-intensive, more environmentally friendly, and have
better sustainability. The main goal is to investigate different novel economic and environmentally friendly
recycling options for the end-of-life plastics accumulated in the environment. We could transform this
material from waste to secondary raw materials with high added value after its life cycle by finding these
solutions. This concept is called upcycling. Recycled monomeric and other low molecular weight
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compounds are a distinct and essential category of secondary raw materials. and may be applied to several
perspective industries such as chemistry, pharmacy, textile and dye industry, etc.
The plastic upcycling products may include syngas, simpler monomers of plastic polymer, naphtha,
diesel, other volatile organic compounds, etc. So far, the most explored technology is thermal conversion,
and the least common is biological decomposition. Therefore, technical and economic studies on the
biocatalytic method of PET plastics upcycling are necessary to determine such processes' feasibility and
economic sustainability.
1.2. Problem Statement
Most studies that focus on PET's bioconversion have so far concentrated on finding the
microorganisms that can effectively and efficiently biodegrade PET plastics. However, a more stable and
robust microorganism that can degrade PET one hundred percent still needs to be investigated. Conversely,
many physical, thermal, and chemical technologies already exist to convert plastics into other products.
Additionally, very few commercially known bioprocesses companies do the same due to the
complexities of bioprocesses. Nevertheless, bioprocesses are less energy-intensive and less harmful to the
environment than chemical and other thermophysical processes.
In our approach, we utilize the available information so far on the biodegradation of PET to design
a bioprocess for converting PET plastics into high-value products at an industrial scale. We then perform a
techno-economic analysis to predict if such a process would be feasible on a large scale. To achieve this,
we study the existing bioprocesses such as lignocellulosic plants and model our system with such methods
as a benchmark. We hope that this approach gives insight into the possibilities and opportunities of plastic
biodegradation in the future.
1.3. Motivation of the Study
A lot of interest has been developed recently concerning the plastic waste patches found in the
oceans and the effect of these large contaminants in the water. Moreover, there are many different kinds of
research being done on the biodegradation of plastics. Nevertheless, very little has been done to address
plastic biodegradation at industrial or commercial grades. There’s a need to understand the economics of
3

such a process at the large level to determine whether it is feasible to implement industrially. This work
currently uses the available information on the biodegradation of plastics, proposes a design strategy of the
process at a large scale, and performs a techno-economic analysis.
1.4. Organization of the Study
This work is organized into six chapters. Chapter one provides the background, problem statement,
and organization of the study. Chapter two provides a literature review on plastics and plastic waste
management challenges, traditional approaches, and new and sustainable plastic waste management
approaches. Chapter three discusses the objectives of the study and lays out the proposed bioprocess process
scheme. Chapter four focuses on process synthesis and design, where mathematic models are developed
for different process units. In this chapter, the PET upcycling process from acquisition to raw material
preparation, enzymatic hydrolysis, fermentation, and separation of product is developed in detail. In chapter
five, process simulation and economic analysis from Aspen Plus V11is done and results analyzed. Chapter
six discusses conclusions and recommendations of the study and considerations for future research.
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Chapter 2: Literature Review

2.1. Plastics
Plastic is a polymer that contains synthetic organic compounds and is generally obtained from
petrochemicals. It was discovered in the early 1900s. Since then, numerous industrial and home usage have
been used, ranging from building, construction, automobile, transport, packaging, electrical usage, etc. [12].
Thermoplastics can stand heating and shaped several times with deterioration in the physical and
mechanical characteristics; meanwhile, thermosets are produced via a setting reaction, which gives them
their permanent shape.
2.2. Classification of Plastics
Plastics can be classified depending on how they respond to heat, either thermoplastics or
thermosetting. Thermoplastics are softened by heating and hardens by cooling, forming long chains through
additional polymerization. In contrast, thermosetting harden permanently upon exposure to heat.
Thermoplastics comprise polyethylene terephthalate, polystyrene, polypropylene, etc., while
thermosets comprise bakelite, polyesters, polyurethane, etc. [13]. Plastics can also be classified as
heterogeneous or homogeneous. Homogeneous is only made of a carbon chain and has a homogeneous
structure, while heterogeneous contain oxygen, carbon, nitrogen, etc. Table 2.1 shows different types of
plastics.
Table 2.1 Types of Plastics [14]
Plastic Type

Properties

Uses

PET

High resistant to heat, strong, rigid,

Making container for water and soft

and resistant to solvents

drinks and, shampoo and mouthwash,
beer and fizzy drink bottles
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Table 2.1 ( Continued)
HDPE

Resistant to chemicals, rigid, semi-

It is used to make detergent, bleach,

flexible, and permeable to gas.

clothe, cloth conditioner, milk, noncarbonated bottles, toys, rigid pipes,
crates, plastic pots, etc.

PVC

LDPE

Hard, durable, stable electrical

They used to manufacture carpets,

properties, chemical resistance, and

windows and door frames, credit card

excellent transparency

pipes, wires, etc.

Waxy, soft, flexible, moisture barrier

They are used to make video cases,
hangers, yogurt containers, egg boxes,
disposable cutleries, etc.

Polypropylene

High melting point, hard but brittle,

They are used to make bottle tops,

waxy, good chemical resistant

ketchup, syrup bottles, crates, drinking
straws, etc.

Polystyrene

Hard, brittle, glassy surface, affected

They are used to make video cases, yogurt

by solvents and fat

containers, fast food trays, seed trays, etc.

2.3. PET Plastic
Polyethylene Terephthalate plastic later came to be used for packaging films. PET is made from
dicarboxylic acid (terephthalic acid) and alcohol (ethylene glycol). They react to form a long-chain
polymer, with water as a by-product. As in most processes of polymerization, a catalyst is also required.
Initially, PET bottles were used for soft drinks, but gradually their use with bottled water became
more popular. Figure 2.1 shows how PET formation.
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Figure 2.1 Synthesis of PET. Printed with Permission from [15]
PET is an aliphatic polyester made from the monomers' polycondensation reaction obtained either
by the following methods [16]. First, esterification is a reaction between TPA and EG. Second, the transesterification reaction between EG and dimethyl terephthalate [17].
2.4. Properties of Polyethylene Terephthalate (PET) Polymer
PET is one of the many types of polyesters that is difficult to biodegrade. This is due to PET’s
carbon-carbon bonds in its backbones, surface hydrophobicity, crystallinity, degree of polymer chain
flexibility, etc. PET bottles and textiles area additionally stretched to orient the polymer chain in order.
Sometimes PET is also biaxially oriented, which leads to the durability of the hydrogen bonds
resulting in further stretch-induced crystallinity [18], [19].
The polymer chain end of PET fiber or film is considered protruded and looping and hydrolyzed
by carboxylic acids and hydroxyl residues, making them more hydrophobic. Table 2.2 below shows the
crystallinity of various PET types.
Table 2.2 Crystallinity of PET [20]
Types of PET form

Crystallinity

PET Bottles and textiles

30-40%[20]

Packaging PET

8%[20]

Glass-reinforced PET

6-7%[20], [21]

The glass transition temperatures (𝑇𝑔 ) of Amorphous PET is 670 𝐶 while that of crystalline PET
is 810 𝐶 [22]. Crystalline polymers are characterized by melting temperature, 𝑇𝑚 while amorphous 𝑇𝑔 . PET
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has both by both 𝑇𝑔 and 𝑇𝑚 . The relatioship between 𝑇𝑔 and 𝑇𝑚 for crystalline polymers are expressed as
follows:
2
1
𝑇𝑔 = 𝑇𝑚 [𝑢𝑛𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙 𝑐ℎ𝑎𝑖𝑛𝑠] 𝑎𝑛𝑑 𝑇𝑔 = 𝑇𝑚 [𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙 𝑐ℎ𝑎𝑖𝑛]
3
3
The 𝑇𝑔 of PET is between 670 𝐶 to 800 𝐶 while the 𝑇𝑚 𝑖𝑠 2670 𝐶 [23].

Figure 2.2 Structure of PET Polymer. Printed with Permission from [24]
The melting process of the PET bottle is at around 280C and then subjected to molding. Therefore,
the direction of the polymer chain depends on different parts of the bottle. Figure 2.2 shows, shows the
crystalline and amorphous parts of PET
2.5. Current Situation of PET Plastics in the US
In 2017, around 5,913 million pounds of PET plastic bottles were sold into the US marketplace. Of
all these, about 29.2 % were recycled ( that is 1,726 million pounds) [7]. At the beginning of 2017, 21 US
PET reclamation plants were in operation, with a combined annual capacity of 2,080 million pounds, gross
weight input.
The 2017 US reclaimer plant utilization rate total throughput, based on the use of all PET feedstock,
expressed as a percentage of full plant capacity was approximately 71 percent, down slightly from the 73
percent reported at the end of 2016.
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Figure 2.3 Cost of PET Bottle on the East
2.6. Strategies for Plastic Degradation
Plastic degradation means breaking down the plastic into simpler monomeric units. The abiotic
methods of degradation include thermal degradation (thermo-oxidation and pyrolysis), photodegradation
(photooxidation), chemical methods include hydrolysis, glycolysis, etc. The biotic process involves the use
of microbes such as enzyme hydrolysis.
2.6.1. Thermal Degradation
The polymer is broken down into monomeric units and subsequently reacts with oxygen to produce
peroxide radicles [25]. Thermal degradation leads to change in polymer properties, e.g., Decrease
malleability, discoloring [26].
This process is driven by polymer exposure to a visible light wavelength between 400 to 760
nanometers. Thermal oxidation takes place in the presence of infrared [26], [27]. Thermal oxidation in the
presence of oxygen is thermo-oxidation, while in the absence of oxygen is called pyrolysis.
2.6.2. Photodegradation
High energy photon is directed onto the polymer breaking its long-chain polymers into simpler
units. When done in the presence of oxygen, it is called photooxidation. Polymer molecule scission occurs
under free radicle mechanisms, yielding small particles with optimal surface area to volume ratio for
biological degradation. [28].
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2.6.3. Chemical Degradation of PET
PET is commonly used in food packaging and textile sectors because of its low production cost,
high strength, lightweight, optical transparency. Nevertheless, PET waste, if not well treated, may cause
severe environmental pollution [29]. Different propositions have been considered to address plastic waste
pollution; these include making biodegradable plastics made from natural plant polymer, banning singleuse plastics, reducing plastics usage in general, and recycling plastics. Traditionally, chemical recycling
has been used but at a low rate. Chemical recycling is energy-intensive, making the process costly [30].
2.6.3.1. Hydrolysis
Hydrolysis comprises acid, alkaline, and neutral hydrolysis [31]. Alkaline hydrolysis is done with
aqueous sodium hydroxide or potassium hydroxide solution at 4 -20 wt.% concentration [32], and
temperature 100 − 2000 𝐶 [33]. Acid hydrolysis use of strong sulfuric acid, 14.5 Molarity [34], [35]. It is
expensive because of recycling huge sulfuric acid quantities and separating ethylene glycol from the acid.
Neutral hydrolysis uses water or steam at 200 − 3000 𝐶 and pressure between 10-40 atm [36]
2.6.3.2. Glycolysis
Using glycols to degrade PET in the presence of catalysts [31]. Various techniques are used in this
process: solvent-assisted glycolysis, supercritical glycolysis, microwave-assisted glycolysis, and catalyzed
glycolysis. Solvent-assisted glycolysis uses solvents like xylene with a catalyst, e.g., to convert PET into
BHET[37]. Alcoholysis involves the use of EG. Alcoholysis has been used in industry for a long time [38],
[39]. Other companies such as IFPEN Axens from France, PerPETual Global Tech from the United
Kingdom, and JEPLAN from Japan use glycolysis [40].
2.6.3.3. Aminolysis
This technique involves using amine solutions such as methylamine, ethylamine, and ethanolamine
at 20-100C to break PET. Ethanolamine is used in glacial acetic acid catalyst [41], [42] to break down PET.
2.6.3.4. Ammonolysis
Ammonia is reacted to PET to form terephthalamide and EG at 120 − 1800 𝐶 and 20 atm. When
the amide is filtered, rinsed, and dried at 800 𝐶, purity is above 99%, and the yields of more than 90% [43]
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2.6.3.5. Methanolysis
Methanolysis involves breaking down PET using methanol at elevated temperatures of about
180 − 2800 𝐶 to producing EG and dimethyl terephthalate at 20 - 40 atm [8]. It has been successfully done
on scrap bottles, films, and fibers [44]. It is possible to degrade PET completely at 3000 𝐶 or above and 110
atm [45]. Methanolysis is the use of methanol at elevated temperatures and pressure [46].
2.7. Plastic Recycling
Recycling is defined in four categories according to the American Society for Testing and
Materials: primary, secondary, tertiary, and quaternary recycling. Primary recycling refers to close loop
recycling, where the reuse of materials without being changed is usually carried out, generally for the same
purpose. The downside of this method is that only some types of uncontaminated plastics can be recycled.
Secondary or mechanical recycling refers to the reprocessing of waste plastics into other things
made of the same material (downgrading). There are limitations to the mechanical recycling process;
temperature-sensitive plastics, composites, polymeric blends, and plastics that do not ﬂow at elevated
temperatures, such as thermosets and polymers with high melt viscosities. Tertiary or chemical recycling
decomposes the plastics down to their building blocks (monomers) and attracts much attention because of
its high proﬁtability and is beneﬁcial from the sustainability point of view.
Pyrolysis or thermal cracking is considered one of the most promising processes of tertiary
recycling. However, the disadvantage of this process is that it requires high temperatures. Recently, suband supercritical fluids (SCF) such as water, alcohol, and other liquids have been proposed as promising
media for plastics' chemical decomposition. They present environmentally friendly reaction media that can
convert waste materials into a wide range of useful products, such as chemicals, alternative energy, fuels,
specialty chemicals, or their monomers.
The plastic bottles are collected from the curbside and or government and private material recovery
facilities; they are compressed into bales and sent to different recycling centers. At the centers, they are
unpacked and sorted, and separated. Sorting is done manually and with the use of infrared technologies,
lasers, color doctors, etc. The next step is grinding into smaller sizes around 5mm-10 mm[47]. The flakes
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are washed with a hot dilute alkaline solution or 2% sodium hydroxide solution, then detergent and water
to remove contaminants. Sometimes the washing is done using tetrachloroethylene [48]. The alkali will
remove both volatile and non-volatile compounds ions from the surface of the plastic. Then the other
polyolefins on the bottle cups are removed by washing with water.
They are then sent to the spin-drying to remove moisture and improve crystallinity. Drying is
usually done at about 3-7 hours at 140 − 1700 𝐶. There are other new cleaning technologies, such as high
temperatures or inert gas treatments [49]. After dying, they are then sent to the molding companies to
process new plastic materials like carpets, films, etc. The major shortcoming of mechanical recycling is that
it reduces the polymer's physical property (intrinsic viscosity and the pellets' molecular weight). Thermal
degradation and chemical hydrolysis are some of the two most used methods for PET degradation.
Chemical hydrolysis forms carboxyl end groups and hydroxyl-ester end groups, while thermal
degradation leads to the end group's carboxyl acid end and vinyl ester end group [50]. Additionally, thermal
degradation takes place at higher temperatures of around 300 − 4000 𝐶 [51].
2.7.1. Benefits of Recycling
Recycling is important and has many incredible benefits to the environment and the overall
economy. According to the Recycling Economic Information report 2016, recycling and reuse activities in
2007 generated 757,000 jobs in the US, translating to 0.52% of the US economy, producing $36.6 billion
in wages and $6.7 billion in tax revenues. This figure is equal to 1.57 jobs, $76,000 in wages, and $14,101
in tax revenue for every 1000 tons of material recycled. In November 2019, EPA noted that’s recycling
10,000 tons of materials supported 16 jobs and wages of nearly $ 760,000 [52]
2.7.2. Challenges to Traditional Recycling
Although it is clear that recycling is beneficial, the plastic recycling rate has been meager in the
US, about 9% [2]. The question is, why?


One of the reasons that contribute to a low recycling rate in the US is information. Many consumers
don’t understand what to recycle, how to recycle, and where to recycle. This leads to the wrong
placement of materials.
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Another reason is that most US plastics are sold internationally to countries like China, Thailand,
Vietnam, etc. Once these countries changed their recycling policies, the US was left stranded with
vast loads of recyclable. The domestic market is still small and cannot handle many plastic wastes
generated in the US.



There is a lack of standardized measurement metrics for recycling in the US.



There is a lack of development of new markets within and outside the US.



It is also cheaper to produce virgin plastic than recycled plastic. In 2017, the average cost to make
virgin PET was $0.53/lb. while that of rPET was $0.65/lb. [53].

2.8. Biological Methods
Traditional recycling has not been able to solve the plastic waste management issue. Innovative
solutions such as thermal conversion, chemical decomposition, purification, biological decomposition, and
thermal decomposition can have powerful effects. These techniques have been applied to a wide variety of
plastics. PET has attracted more investment than any other type of plastic, followed by PS, PE, PP, and
others [54]. Biological methods have an advantage compared to chemical processes. They cause less
damage to the environment; less carbon footprint generally works at lower temperatures hence less energyintensive, which reduces cost.
Biocatalytic plastic degradation methods have significant potential in cost reduction, and they are
also environmentally friendly. They are, therefore, a better option [18], [55]–[57]. Enzymatic hydrolysis of
polycaprolactone and PET using a Rhizopus delemar lipase was investigated by [58]. They concluded that
degradation increased with an increase in reaction time and or aliphatic mole ratio. Using lipase has revealed
the weak biodegradability of PET fibers and diethylene glycol terephthalate [59].
In 2006, the biodegradation of PET films containing nitrate with Aspergillus Niger was investigated
[60]. Their results showed significant biodegradation on the parts of PET with 30% mol of nitrate unit. PET
modified with polyester was investigated using Penicillium funiculosum and compared to PET without the
polyester, and the results showed insignificant differences [61]. Using natural microbes on PET films, [62]
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showed that there was still a prolonged degradation rate even with the help of lipases. Degradation of PET
by Bacillus subtilis showed that the microbe had the PET activity [63].
Japanese scientists discovered PET hydrolase (PETase), an enzyme produced by a bacterium,
𝐼𝑑𝑒𝑜𝑛𝑒𝑙𝑙𝑎 𝑆𝑎𝑘𝑎𝑖𝑒𝑛𝑠𝑖𝑠, and capable of hydrolyzing PET plastic [64], 𝐼𝑑𝑒𝑜𝑛𝑒𝑙𝑙𝑎 𝑠𝑎𝑘𝑎𝑖𝑒𝑛𝑠𝑖𝑠 was used to
hydrolyze PET film proving that this bacteria could biodegrade PET [64].
2.8.1. Current Developments in PET Biodegradation
Biodegradation is governed by different aspects, such as polymer's characteristics, type of
organisms, and pre-treatment nature. During the degradation, the polymer is broken down into monomers
and then into different minerals. Most of the polymers are too large to get absorbed through cellular
membranes to get biodegraded within microbial cells; that’s why they need some physical forces for the
initial breakdown, such as heating/cooling, freezing/thawing, or wetting/drying.
In a study, biodegradation of PVC plastics was studied [65]. The objective was to isolate the fungal
strain to adhere to and degrade the cellulose blended polyvinyl chloride films. For six months, the films
were buried in the soil mixed with municipal sewage sludge
Table 2.3 Comparing Biotic and Abiotic Processes
Abiotic degradation

Description

Biological

Thermal

Photodegradation

Chemical

degradation

Utilize high

Utilize high-

Glycolysis,

Utilize

temperature to

intensity radians to

hydrolysis,

microorganisms

breakdown

breakdown polymer

methanolysis

to breakdown

polymer

chains into simpler

polymer chains

chains into

compounds

into simpler

simpler

References

compounds

compounds
Rate

Fast

Slowly to fast

fast

Moderate

[26]
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Table 2.3 (Continued)
Temperature

High

Not required

high

Low

[26]

Benefits

Fast and

Safe if high energy

Fast, simple

Eco-friendly,

[66]

common

radiation not used

economical (1

and acceptable

ton of PET
requires about 7
lbs of the
enzyme, and
acceptable.

Setbacks

Environmental

Expensive, high risk

Costly, high

ly detrimental.

of cancer, etc.

energy

Slow

demand,

The strain PV1, known as Phanerochaete chyrosporium, was identified to have the ability to utilize
PVC as a source of the nutrient. During the Sturm test, carbon dioxide production indicated a positive
degradability test for the starch blended PVC films. The changes in the peaks of the FTIR spectra of the
test samples as compared to control is an indication of the breakdown of plastics starch blended PVC as a
result of fungal treatment
Polyesterase capable of acting on polyesters, especially PET, was reported first for Thermobifida
fusca by researchers [67]. Afterward, research started on cutinases with phytopathogenic fungi and the
cutinase from Fusarium solani pisi [68], [69]. Later, it was discovered that cutinases are capable of
hydrolysis polyesters [70]–[72]. To date, various hydrolases have been tested at the laboratory. These
include cutinases, lipases, esterases, carboxylesterases, and proteases. Papain (protease) can enhance
hydrophobicity of polyester plastic [73], [74], cutinases from Aspergillus oryzae and Humicola insolens
(fungi) [21], Penicillium citrinum [75] and Fusarium solani [76], [77] then actinomycetes, Thermobifida
fusca[78], T. alba [79], T. cellulosilytica[80] and Saccharomonospora viridis [81] esterase, Thermobifida
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halotolerans [82], lipases from Candida antarctica [83], Burkholderia spp [84], Thermomyces
lanuginosus [85] and Triticum aestivum [86], carboxylesterases [87].
Yamada-Onodera et al. [88] isolated a strain of Penicillium simplicissimum, YK, for use in the
biodegradation of PET, characterizing the fungus and examining how to treat the polyethylene before
cultivation to make degradation more complete. Hadad et al.[89] demonstrated that PET plastics could be
biodegraded if the right microbial strain is isolated.
Sivan et al. [90] isolated a Rhodococcus ruber (C208) that consumed polyethylene films. They
isolated C208 from a PET-waste burial site, colonized the polyethylene surface, and degraded up to 8% of
the polyethylene's initial dry weight in as little as four weeks.
The degradation of polymers by enzymes takes place in two steps. First, the enzyme binds the
polymer surface then catalyzes a hydrolytic cleavage. During degradation, extracellular enzymes from
microorganisms break down complex polymers yielding short chains or smaller molecules that are small
enough to pass semi-permeable outer bacterial membranes. The process is called depolymerization. These
short-chain length molecules are then mineralized into a product like carbon dioxide, water, and methane;
the degradation is called mineralization, utilized as carbon and energy sources.
2.8.2. Plastic Degrading Microorganism
After discovering PETase, an enzyme produced by a bacterium biodegrades PET plastic [64], there
has been much scientific research geared towards finding a more stable and efficient microorganism capable
of degrading plastic waste.
PETase is an extracellular enzyme, hydrolyzes PET into MHET and TPA. These products are
transported into the periplasmic space via an outer membrane protein such as porin. MHETase, which is an
outer membrane lipoprotein, will hydrolyze MHET into TPA and EG. TPA will be transported into the
cytoplasm through a TPA transporter couped with TPA binding protein [91] and then integrated via PCA
to the tricarboxylic acid cycle [28], [92]. EG will be metabolized into glyoxylic acid to TCA cycle [93]
Many other studies have proposed various biotransformation of plastics into other substances. One
suggestion is that PET can be hydrolyzed chemically into TPA and EG. The hydrolysate is separated by
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filtration. The TPA is then converted into gallic acid, pyrogallol, muconic, and vanillic acid [94]. These
products are important in pharmaceuticals, perfumes and flavors, animal feed, and making hand sanitizers.
The EG will be converted into glycolic acid (cosmetic ingredient) by EG fermenting microbe-G.
oxydans [95]. Another study suggests that PET can be pyrolyzed to form solid, liquid, and gas. The solid
and gaseous parts can be used as a source of energy. In contrast, the solid part, predominantly TPA, can be
used as a feedstock for bacterial production of polyhydroxy alkenoate (PHA) [96].
Other studies have proposed biodegrading PET into TPA and EG by a thermostable hydrolase;
then, the EG can be further biodegraded by a Pseudomonas into polyhydroxyalkanoate (PHA). The
Pseudomonas strain is modified to secrete hyroxyalkanoyloxy-alkanoate, which is used as a monomer for
poly( amide urethane) chemosynthesis [97]. It was found that a larva of Plodia interpunctella was able to
biodegrade polyethylene [98], [99]. Exiguobacterium from Polyethylene mealworms[100] was discovered
to be capable of degrading polyethylene [101].
Microbial consortium No.46 from sediment samples collected at Sakai-city, Osaka, Japan. (
bacteria, yeast-like cells, and protozoa) has successfully been able to degrade PET entirely into carbon
dioxide and water [64]. In their decade long research considered the following conditions; crystallinity (
for efficient degradation), used shape (film rather fiber-20-15-0.2 mm, low cryst.1.9%, 𝑇𝑔
=77𝑜 𝐶,Tm=255𝑜 𝐶, density = 1.3378g/cm3, Mw = 45*10−3), isolation source, culture medium, cultivation
conditions (temperature, shaking speed, pH), found out that the rate of degradation was 0.13mg/cm2 day,
75% conversion into carbon dioxide and water at 28𝑜 𝐶 [102]. No.46 did not lose its PET degradation
activity for at least ten weeks, could be freeze-stocked, and still restored for subsequent cultivation without
losing activity [64], hence can be maintained and reproduced.
Other studies have also suggested pyrolyzing PET at 450𝑜 𝐶 into solid TPA, gases, and liquid
[103] The liquid and gasses can be burnt for energy recovery. In contrast, solid TPA can be used as a
feedstock for bacterial production of value-added polyhydroxyalkanoate (PHA) [96]. Catalytic
hydrogenolysis (300𝑜 𝐶 ,170psi) of PET into high-quality liquid products such as lubricants and waxes was
proposed by [104].
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2.8.3. PET Degrading Enzymes
PET is hydrolyzed by hydrolases, and Table 2.4 shows some of the common hydrolases, organisms
where they come from, and their optimal operating temperature.
Table 2.4 Enzymes that Degrade PET
Enzyme

Organism

Temperature (C) (optimum)

Reference

PETase

Ideonella sakaiensis-201-F6

20-40(40)

[105][106][
107]

TfH

Thermobifida fusca

20-60(60)

[64]

LCC

Uncultured bacterium

30-80(70)

[64][108][1
09]

HiC

Humicola insolens

30-85(85)

[21][79]

FsC

Fusarium solani pisi

30-60(50)/

[64][85]

More advances have been made in improving the efficiency and effectiveness of PETase for PET
biodegradation. The PET substrate crystallinities are approximate >30% for drinking bottles; 35% for
biaxially oriented PET film [56].
Furukawa et al. [110] suggested coating PET film surfaces with anionic surfactants to improve
PETase thermal stability. As the temperature approaches 75𝑜 𝐶, Tg of PET, the enzymatic hydrolysis of
PET increases. The enzymes that are active past 75𝑜 𝐶 can be applied industrially. These include:
LCC[111], T.fusca [107], H.insolens [21], PET2 [112] and PET6 [112]. The genome sequence of
𝐼. 𝑠𝑎𝑘𝑎𝑖𝑒𝑛𝑠𝑖𝑠 shows that it shares a 51% amino acid sequence as themobifida fusca [113].
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2.9. Techno-Economic Analysis of Bioconversion Processes
A techno-economic analysis is a study done on an idea or a process to determine its demand
potential and the choice of the best technology, which aid in the decision-making process as to whether the
venture is viable or not. Some of the findings of this type of analysis can also help improve an already
existing process. Figure 2.4 provides the stages of a process from beginning to full operation. Each step
should be evaluated to forecast the challenges and potentials for project improvement.

A project (idea)
Technical laboratory study
Small scale design & testing
Pilot scale process development
Industrial scalWaste

PET plastic
e process

Figure 2.4 Stages of a Process Development
A techno-economic analysis is done at each section;


Predict, evaluate, and improve each stage of the process development.



Explore financial problems over the lifetime of a project



Assess the possibility of other technology scales and applications



Compare the economics of different technology (s) applicable to the same project.
To better understand the potential challenges of bioprocess development and perform a techno-

economic analysis with a better understanding, it is imperative to compare the proposed bioprocess with
existing ones. One of the well-establish bioprocesses is the lignocellulose to ethanol process. Additionally,
there are also other bioprocesses such as lactic acid and biomethane production, which can also be used for
comparative purposes.
2.9.1. Comparing PET Hydrolysis and Lignocellulose Hydrolysis
The lignocellulosic ethanol production process is used as a comparative study in the PET bioupcycling process because of the similarities between the two methods.
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Table 2.5 Cellulose and PET Hydrolysis
PET Hydrolysis

Cellulose
Hydrolysis

Table 2.5 shows the hydrolytic mechanism between the two processes, while Table 2.6 shows the
similarities between the two processes
Table 2.6 Similarities Between PET and Cellulose Hydrolysis
PET hydrolysis

Cellulose Hydrolysis

PET to MHET is heterogeneous-PET is

Cellulose to cellobiose is heterogeneous-Cellulose

solid, models will follow Langmuir type

is solid, models will follow Langmuir type

isotherm.

isotherm.

MHET to TPA/EG is assumed

Cellobiose to glucose is assumed homogeneous-

homogeneous-occur in a solution. The

occur in a solution. The model will follow

model will follow Michaelis-Menten type

Michaelis-Menten type models

models
May consider a mixture of PETase and

It considers a mixture of enzymes such as

MHETase in a batch reactor.

endoglucanase, exoglucanase, and beta-glucosidase

It can also work with a single enzyme such

in a batch reactor.

as TfCut2.
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2.9.2. TEA for Lignocellulose to Ethanol Conversion
Much research has been done using different kinds of lignocellulosic biomass, including wheat
straw, corn cobs, rice straw, barley straw, sesame seed, sugarcane bagasse, poplar wood, alpine hay, etc.
Table 2.7 Pretreatment Approaches [139]
Pretreatment

The yield of fermented sugars

Investment

Steam explosion

high

high

Carbonic acid

very high

low

Ammonia explosion (AFEX)

moderate

high
Chemical

Concentrated acid

very high

high

Different pretreatment methods [139], [140] are used for lignocellulose, as shown in Table 2.7
above. The performance of simultaneous saccharification and fermentation (𝑆𝑆𝐹) and separate hydrolysis
and fermentation (𝑆𝐻𝐹) using corn stover and house enzymes can be compared as well. Results are shown
in Table 2.8 below.
Table 2.8 Performance between SHF and SSF [114]

𝑆𝐻𝐹

𝑆𝑆𝐹

Enzyme loading (𝑭𝑷𝑼/𝒈 𝒈𝒍𝒖𝒄𝒂𝒏)

Ethanol(𝒈/𝑳)

Yield (%)

5

12.86

62.61

15

14.41

70.19

5

13.59

66.19

15

15.60

75.98
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The results show that SSF is faster and more efficient and with lower inhibition of an enzyme by
glucose, using in-house enzymes such as T.reesei and A. saccharolyticus. The highest theoretical yield
using SSF was 75.98%, while SHF was 70.19% [114].
In an NREL report on bioethanol production using corn stover as feedstock, considering SHF, the
following economic summary is shown in Figure 2.5 made with data from [115]. The highest cost is
recorded in the boiler and turbo generators, pretreatment, and enzyme hydrolysis area, giving an insight
into the general overview of the process economics.

Figure 2.5 Cost Breakdown in Lignocellulose Ethanol Production on Corn Stover
2.9.3. TEA of Lactic Acid Production
The first step is to prepare the feedstock, which is corn grain in this case. Three different pathways
can be used; bacteria, fungi, or yeast pathways [116]. In their analysis, Fei et al. [117] postulate that the
most critical factors affecting the cost of producing lactic acid from natural gas include the acid titer,
productivity, and carbon conversion efficiency. Lower productivity increases capital investment.
2.9.4. TEA for Production of Bio-methane
Methane can be produced anaerobically using agricultural or household food waste [118];
microorganisms will utilize these organic matters and produce methane and carbon dioxide [119].
Sensitivity analysis concluded that biogas upgrading cost is sensitive to and mostly affected by
biogas cost and usage, capital cost, plant capacity, and electricity prices and use [120].
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Chapter 3: Objectives and Proposed Work

Chapter 3 focuses on the main and the specific objectives, the definition and development of the
proposed scheme, and discusses hydrolysis and fermentation.
3.1. Objectives
3.1.1. Main Objective
This study's primary goal is to propose a framework for bio-upcycling of PET plastics into highvalue products by performing a technical and economic assessment of such a process.
3.1.2. Specific Objectives


Propose a PET bio-upcycling process based on the existing technologies.



Assess the viability of the proposed scheme



Develop mathematical models describing the proposed bioprocesses



Build Matlab codes for simulating the proposed bioprocesses



Model, design, and perform an economic evaluation of the bioprocess in Aspen Plus



Define critical parameters and drivers for the future of the proposed scheme.

3.2. The Proposed Scheme
The proposed scheme involves using biological conversion processes to convert PET plastics into
high-value products. Bioprocesses operate at milder temperatures and pH conditions; therefore, they need
lower energy consumption than chemical processes [121]. Plastic waste is abundant in nature and can easily
be acquired through material recovery centers or by developing more novel technologies for reclaiming
plastics from the environment. If these bioprocesses can become mainstream, more plastics can be
eliminated and converted into more useful products. Recent research has shown that cutinases such as
thermobifica fusca (TfCut2) can degrade PET plastic at a thermophilic condition and convert it into TPA
and EG [122]. In this approach, TPA and EG are co-fermented by the engineered microorganism. They
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utilize these monomers as their source of carbon and energy, producing volatile organic compounds, e.g.,
acetone.
The fermentation is set to operate at the same temperature as hydrolysis, making process integration
more straightforward and less time-consuming. Moreover, some of the TPA formed during hydrolysis can
be recycled and used as a substrate in enzyme production. Figure 3.1 shows a simplified schematic of the
proposed separate hydrolysis and co-fermentation (𝑆𝑒𝐻𝐶𝐹).
Waste PET plastic

Enzyme

Pretreated PET

Hydrolysis

R
Engineered microbe

Monomers
TPA+EG

Fermentation

VOCs e.g.
Acetone

Figure 3.1 Proposed Engineered Bioprocess for PET Upcycling SeHCF
The proposed simplified schematic for the simultaneous hydrolysis and co-fermentation (𝑆𝑖𝐻𝐶𝐹)
is shown in Figure 3.2.
In simultaneous hydrolysis and fermentation, both of the two processes take place in a single
reactor. The hydrolysis enzymes or microbes are loaded together with the fermentation microbes. As the
PET is hydrolyzed and TPA and EG are formed, the fermentative microbes start feeding on these two
substrates producing acetone.
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Waste PET plastic
Enzyme production

Pretreated PET

R
𝑆𝑖𝐻𝐶𝐹

Engineered fermentative microbe

VOCs e.g. Acetone

Figure 3.2 Proposed Engineered Bioprocess for PET Upcycling SiHCF
The advantages and disadvantages of 𝑆𝑒𝐻𝐶𝐹 and 𝑆𝑖𝐻𝐶𝐹 are summarized in Table 3.1. In the
𝑆𝑖𝐻𝐶𝐹 process, the TPA not fermented is recycled into the enzyme production. Fermentation of TPA is
much slower than that of EG due to the aromatic nature of TPA.
Table 3.1 Advantages and Disadvantages of SeHCF and SiHCF
Advantages
𝑆𝑖𝐻𝐶𝐹

Reduced contamination risk.
Improved efficiency of hydrolysis
due to reduced inhibition of
hydrolases by the end products.

Disadvantages


The presence of hydrolases in the same reactor may
affect the growth of fermentation microbes.
There could be difficulties separating the
fermentation microbes as it is mixed with biomass.

Reduced cost.
Less time consuming.
𝑆𝑒𝐻𝐶𝐹

Better control of both processes

Time-consuming as both processes are done in

separately

different reactors. The cost requirements are high
and are subject to inhibition
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One idea is to filter out some of the TPA formed during hydrolysis and recycle it to the enzyme
production vessel to be used as a microorganism's carbon source. TPA has a high carbon content, hence
recycling it back into the system can reduce carbon loss through fermentation. However, recycling may not
be feasible if the operation is simultaneous hydrolysis and fermentation. The remaining TPA is cofermented with EG. Co-fermentation is beneficial to the process as it leads to higher productivity as both
substrates are utilized. Air stripping is proposed to continuously remove the product (acetone) from the
broth as it is being formed. Acetone has a high carbon and energy efficiency; it boils at 560 𝐶, which is
within the range of hydrolysis and fermentation temperature, making the downstream separation processes
easier.
Additionally, acetone can also be used as a nail polish remover, a solvent in the pharmaceutical
industry [123], an additive in the petroleum industry, a cleaning agent in electronics, helps contain oil spill
because it dissolves sludge, used as a solvent in the textile industry, etc. [124]. Figure 3.3 represents the
proposed metabolic pathways from EG and TPA to acetone.

Figure 3.3 The Proposed Metabolic Pathway for Monomers into Acetone

A detailed process scheme is shown in Figure 3.4, which shows enzyme production,
hydrolysis of PET, fermentation of TPA and EG, and separation of acetone from water. The overall
equation representing the proposed bioconversion of PET by an engineered microbe to acetone
formation is shown below, where n represents the number of the repeat unit (monomer).
(C10H8O4) n + 2H2O + 2O2  2C3H6O + 4CO2
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Figure 3.4 A Flow Diagram of Acetone Production from PET
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Chapter 4: Process Synthesis and Design

Process design starts with the synthesis of the process to convert the raw material into the finished
products. Hence, process synthesis can be divided into two major steps; transformation of individual steps
and interconnecting them to achieve an overall process. This can be represented with a flowsheet diagram.
Then the next stage is to simulate the process. The simulation could be termed as a mathematical
model that predicts the process's behavior if it were to be constructed. Figure 4.1 shows a black box with
raw material flowing in and the finished product flowing out.

Figure 4.1 Process Design Concept
The flow diagram begins with the raw material entering the bioprocess; the first step is to prepare
or pretreat the plastics through mechanical methods of size reduction. Pretreatment is followed by either
simultaneous hydrolysis and fermentation or separate hydrolysis and fermentation. The main advantage of
SSF is that it is less time-consuming. Figure 4.2 shows the proposed process flow diagram for PET bioupcycling, adapted from lignocellulosic ethanol production processes.
Each processing unit in PFD, as seen in Figure 4.2, is discussed in detail below. The unit
operations are divided into the following areas:


Raw material handling and logistics



Pretreatment



Mathematical modeling of Enzyme hydrolysis



Mathematical modeling of enzyme production
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Mathematical modeling of Fermentation of hydrolysate and separation techniques

Figure 4.2 PET to Acetone Process Flow Diagram
4.1. Raw Material Handling and Logistics
Raw material logistics and handling include all the operations taken to acquire the raw material
before introducing the conversion processes. The consumer generates plastic, and then it is collected by
private haulers and government entities and sold to material recovery facilities. Some of these facilities
receive, sort, bale the plastics into different types and then sell them to clients.
We explore various ways of acquiring PET wastes. One proposition is to buy them from material
recovery facilities, which sell them in bales $0.13/lb. From here, these plastics will be shredded to achieve
a suitable size for bioconversion processes. Another proposition is to acquire them from PET recycling
facilities after going through some levels of transformation. For example, after shredding to dimensions of
12mm-18mm, which can lead to less energy consumption for further size reduction. However, buying these
shredded PET flakes may be more expensive, and because there are few plastic recycling plants in the US,
this may not be sustainable.
4.1.1. The Material Recovery Facilities (MRF) in the United States
These are companies or facilities that receive and process or prepare recyclables for selling to other
companies that use them for manufacturing [125]. PET plastics are collected via curbside recycling,
transported to MRF, and baled for transportation to PET recycling centers. There are 66 MRFs in the US
and 9 in Canada. The map in Figure 4.3 shows the distribution of these MRFs in the US, while the bar graph
in Figure 4.4 shows the annual capacity and the number of MRFs.
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Figure 4.3 MRFs Distribution in the US
The average capacity of an MRF is 104,000 tons/year. The average percentage of PET plastic in
the curbside mix heading to MRF is 7.6%, while 13% (13,520 tons/year) is a plastic waste [126]. Therefore,
the amount of PET ending up at an MRF is 8000 tons/year. This number represents only 29% of PET plastic
recycled in 2018. This shows that there is a great potential for PET acquisition through innovative methods

Figure 4.4 MRFs in the USA
The other way of acquiring PET is from recycling facilities. Figure 4.5 shows a summary of the
PET plastic recycling process. Recycling includes transportation and separation procedures, which require
energy. The first step is collecting post-consumer PET waste material transported to recycling, or material
recovery facilities, where the material is separated and reprocessed into pellets. The diagram below
represents the general workflow of the PET plastic recycling process.
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Figure 4.5 PET Recycling Process
The filtrate, which is a liquid slurry from the washing process, has a high pH value of 11 and
temperatures of 800 𝐶. Under these conditions, most microbes would die. Therefore, they are sent to sludge
desiccation for solid waste treatment. Existing facilities that reprocess recycled PET (𝑟𝑃𝐸𝑇) are operating
at three-quarters of their capacity. For bottles and containers, end-users can increase the amount of 𝑟𝑃𝐸𝑇
they use if rPET is price-competitive with virgin PET and at the appropriate quality specifications. In 2016,
just 370 million lbs. of 𝑟𝑃𝐸𝑇 was reused for food and beverage bottles, although 1,753 million lbs. of PET
were recovered for recycling.
Table 4.1 Material for Production of 1 kg of rPET [156]
Material

Kg/kg of rPET

Mixed plastic waste

2.4

NaOH

0.01

Sulphuric acid

0.02

Water (L/kg)

3.1

The recycling facilities obtain their PET from Material Recovery Facilities (MRFs). Transporting
one dry ton of plastic waste using trucks from the collection to MRF consumes 2.5 gallons of diesel,
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equivalent to 336MJ[127]. Material and Energy needed to produce 1kg of recycled PET pellets from waste
PET plastics are represented in Tables 4.1 and 4.2, respectively [128], [129]
Table 4.2 The Energy for Production of 1 kg of rPET [157]
Energy Input

MJ/kg of rPET

Electricity

1.3

Diesel

0.15

Natural gas

2.6

Total

4.1

4.2. Pretreatment
Pretreatment is done to prepare the polymer for enzymatic hydrolysis. The incoming plastics, which
are the sizes of the beverage bottle, will be ground into smaller pellets between 5𝑚𝑚 − 15 𝑚𝑚. Austin et
al. 2018, used ~ 6𝑚𝑚 of PET polymer film for hydrolysis with PETase. Donelli et al. 2010 report PET
film of 10 by 15 mm for treatment with cutinases. These sizes are ideal for hydrolysis due to the increased
surface area to volume ratio for enzymatic activity.
Table 4.3 Pretreatment Methods for Lignocellulose[130]
Physical

Chemical

Physicochemical

Biological

Milling

Acid

Ammonia fiber expansion

Whole-cell pretreatment

Sonification

Alkaline

Steam explosion

Enzymatic pretreatment

Mechanical extrusion

Organoslv

Carbon dioxide explosion

Versatile peroxidase

Ozonolysis

Ionic liquids

Liquid hot water

Manganese peroxidase

Pyrolysis

Wet oxidation

Microwave

Sporl treatment
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PET is much more difficult to be degraded biologically. Therefore, if PET is depolymerized to
about 10-50 carbon atoms, it is more susceptible to enzymatic attack [79], [87]. In a PET biodegradation
study using Thermobifida fusca, they used PET of 0.6 cm (6mm) diameter [131], obtaining 70% conversion.
Different pretreatment methods are used in industry, especially in lignocellulosic plants for
cellulosic biomass, some of which are shortlisted in Table 4.3. Table 4.4 gives detail into the operation of
each process of pretreatment
Table 4.4 Methods of Pretreatment of Cellulosic Biomass [132]
Methods of Pretreatment

Involves

Milling or grinding

Particule size reduction

Alkali pretreatment

Us of NaOH, sodium carbonate, lime, etc.

Acid pretreatment

Use of strong acids such as sulfuric acid

Steam explotion

Use of high temperature steam and catalysts

Organoslv

Use of organic solvents such as alcohols.

Ionic liquids

Use of large organic cations

Eutectic solvents

Use of Lewis and Bronsted acids and bases

The main objective of pretreating PET is size reduction, which increases biodegradation's surface
area during enzymatic hydrolysis Table 4.5 shows differences between PET and cellulose.
Ultraviolet irradiation has been proposed as a possible PET pretreatment method before enzymatic
hydrolysis. Results indicated a shortening of the PET polymer chain due to intra-chain scissions by the UV
of wavelength between 100-380 nm [134], [135]. Studies have shown that PET can absorb ultraviolet light
and change color, and become brittle during natural photodegradation [136]. This technology has not yet
been used in large-scale PET pretreatment for industrial applications.
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Table 4.5 The Contrast between PET and Cellulose
PET

Cellulose

𝑇𝑔 = 670 𝐶 − 800 𝐶 [137]

Hemicelluloses 𝑇𝑔 = 400 𝐶, lignin 𝑔 = 500 𝐶 − 1000 𝐶,
Cellulose 𝑇𝑔 > 1000 𝐶 [138]

Synthetic (polyester)

Natural (polysaccharide)

(𝐶10 𝐻8 𝑂4 )𝑛

(𝐶6 𝐻10 𝑂5 )𝑛

192.6 g/mol of repeat unit

162.14 g/mol of repeat unit

PET can be pretreated by shredding to reduce its size. This can be achieved through mechanical
comminution techniques such as grinding, crushing, microwave, sonification (ultrasound), etc. However,
most physical pretreatment methods are energy-intensive, hence economically not feasible. PET is light
and soft and may be easily crushed or pelletized into desired sizes for enzymatic hydrolysis. Due to the
reason stated above, it was prudent to choose shredding to reduce PET sizes. Grinding or shredding is done
with an industrial size shredder. The diagram below shows a simplified sketch of PET plastic size reduction
for enzymatic hydrolysis.

Figure 4.6 Size Reduction of PET Plastic
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4.2.1. Mechanical Comminution
Mechanical comminution involves using various crushers, millers, grinders, etc., for breaking down
the polymer material into small sizes. These mills can reduce the polymer's crystallinity, particle size, and
degree of polymerization [139]. Hammer mills, cryogenic mills, and extruders are ideal for dry materials,
while colloid mills, fibrillation, and dissolvers are ideal for wet materials. The water content of baled PET
waste is around 6% [140]. For the Alibaba shredding machine, the production capacity is 1000kg/h, power
11-132kW, screen size 6 mm-12 mm, and the average price of $6000.
4.2.2. PET Crushing Machine
In their research, [141] designing a PET cutting machine, which can attain pellets of around 5mm,
was done. It is designed with a rotary blade against a fixed blade. The rotary cutters are powered by a 10horsepower motor that runs at 1400 revolutions per minute. Additionally, they experimented to determine
the shear force needed to overcome the PET plastic bottles' shear resistance.
The experiment determined that the machine’s average output is 0.112 kg/s (~400kg/h). This is to
say that the device can effectively crush 0.112 kg of PET in one second at an efficiency of above 82%. The
crusher blades were determined to be made of 201 Annealed Stainless Steel (SS).
The machine operates at 400kg/h and assuming that our plant capacity is 50Mt/day (2100kg/h) of
PET. This indicates that there a potential for scale-up. China sells Industrial PET crushing machines with
different specifications. For example, an Industrial PET crusher made of stainless steel (SUS304) with a
capacity of 3000kg/h, the ability to customize the flake sizes, and power consumption of 410kW cost
$180,000 each on Alibaba.com.
4.3. Mathematical Modeling of PET Enzymatic Hydrolysis
Enzymatic hydrolysis of polyesters takes place at a solid-liquid interface [142]. The enzyme
adsorbed into the surface equilibrium in the first reaction step. In the second step, the ester bonds on the
surface are cleaved by the enzymes [143], [144].
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Figure 4.7 Mechanism of Enzymatic PET Hydrolysis
PET hydrolysis can be described in two major steps; adsorption and reaction, as shown in Figure
4.7. The enzyme will adsorb to the PET surface. The adsorbed enzyme will bind to available ester bonds
and forms an enzyme-substrate complex on the PET surface. The enzyme will then break the ester bonds,
and products will be released and diffuse into the hydrolysis liquid phase.
The free enzyme could also bind with the product released, which will cause a temporary slowdown
in the hydrolysis of PET as there will be not enough enzyme to hydrolyze the PET substrate [155]
further.PET is composed of elastic, easily biodegraded parts and an aromatic part that is rigid and resistant
to biodegradation. Therefore, for hydrolysis to occur, plastic's polymer chain must be made elastic and
flexible, hence exposing them to enzymatic attack.
4.3.1. Mechanism of Enzymatic Reaction
The heterogeneous enzymatic catalysis can be demonstrated as follows;


Enzyme adsorbs onto the surface of PET (the forward arrow is adsorption, and backward is
desorption). The free enzyme (E) adsorbs to the surface of PET (S) and binds with the available
ester bond to form an enzyme-substrate complex (ES). Where, 𝑘1 represents the adsorption constant
and, 𝑘−1 is the desorption constant.
𝑘1

𝐸 + 𝑆 → ← 𝐸𝑆
𝑘−1
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Ester bond breaking and product formation: The enzyme catalyzes an ester bond's hydrolysis,
releasing soluble products (P).
𝑘

𝐸𝑆 → 𝑃 + 𝐸


Products bind to the enzyme –inhibition by reaction products. The free enzyme can also bind to the
released product, making the enzyme temporarily unavailable for further PET hydrolysis.
𝑘3

𝑃+𝐸

𝑎𝑑

→ ← 𝑃𝐸
𝑘−3

where, 𝑘3 is adsorption binding constant, and 𝑘−3 is the desorption binding constant. Total enzyme balance:
𝐸𝑇 -the concentration of enzymes on the surface of the plastic.
[𝐸𝑇 ] = [𝐸] + [𝐸𝑆] + [𝑃𝐸]
The rate of hydrolysis reaction is much faster than that of diffusion. Therefore, adsorption will be
a dynamic process.
Assume that Ф represents the fraction of the PET surface area covered by the enzyme (adsorption
capacity) at equilibrium. It’s dimensionless.
Ф=

𝜕
𝜕𝑚𝑎𝑥

=

𝐴
𝐾𝑚

where 𝜕 the quantity of enzyme adsorbed per unit area of PET surface (mg), 𝜕𝑚𝑎𝑥 the maximum quantity
of adsorbed enzyme per unit quantity of PET (mg), A is the area already covered, 𝐾𝑚 is the total mass
transfer coefficient. Rate of adsorption:
−𝑟1 =

𝑑[𝐸𝑆]
= 𝑘1 [E][S] = 𝑘1 [E](1 − Ф)
𝑑𝑡

The rate of desorption is represented by:
−𝑟2 =

𝑑[𝐸𝑆]
= 𝑘−1 Ф
𝑑𝑡
𝑟1 = 𝑟2

𝑘1 [E](1 − Ф) = 𝑘−1 Ф
𝑘

𝑚𝐿

Let, 𝑘 1 = 𝐾𝑥 where 𝐾𝑥 is adsorption equilibrium constant [142], [143], [145] in, [𝑚𝑔], So,
−1
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𝐾𝑥 [E](1 − Ф) = Ф
𝐾𝑥 [E] − 𝐾𝑥 [E]Ф = Ф
𝐾𝑥 [𝐸]
=Ф
1 + 𝐾𝑥 [E]
𝑚𝑔

where [E] the concentration of free enzyme in the aqueous solution [𝑚𝐿 ]. This model is a Langmuir equation
without including the inhibition of products.
4.3.2. The Inhibition Reaction Kinetics
The soluble products of hydrolysis (MHET, BHET, TPA, and EG) will influence the process by
causing inhibition. However, the major product being MHET will have a greater inhibitory effect on the
reaction. The reaction mechanism is shown below, where P represents products.
𝑃+𝐸

𝑘3

𝑎𝑑

→ ← 𝑃𝐸
𝑘−3

The rate of reaction (𝑟𝑖𝑓 ) for the forward reaction;
−𝑟𝑖𝑓 = 𝑘3 [P][E]
and for reverse reaction (𝑟𝑖𝑟 )
−𝑟𝑖𝑟 = 𝑘−3 [PE]
If (𝑟𝑖𝑓 )=(𝑟𝑖𝑟 ) then,
𝑘3 [P][E] = 𝑘−3 [PE]
𝑘

but, 𝑘 3 = 𝐾𝑦 , is the inhibitory reaction rate constant.
−3

[PE] = 𝐾𝑦 [P][E]
4.3.3. Rate Law Model
[𝐸𝑆] = 𝐾𝑥 [𝐸][𝑆]
[𝐸𝑆] = [𝐸𝑇 ] − [𝐸] − [𝑃𝐸]
𝐾𝑥 [E][S] = [𝐸𝑇 ] − [𝐸] − 𝐾𝑦 [P][E]
𝐾𝑥 [E][S] + 𝐾𝑦 [P][E] + [𝐸] = [𝐸𝑇 ]
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[𝐸]{𝐾𝑥 [S] + 𝐾𝑦 [P] + 1} = [𝐸𝑇 ]
[𝐸] =

[𝐸𝑇 ]
[S]
𝐾𝑥 + 𝐾𝑦 [P] + 1

The enzyme-substrate concentration on the surface of PET can be described by,
[𝐸𝑆] =

𝐾𝑥 [𝐸𝑇 ][S]
𝐾𝑥 [S] + 𝐾𝑦 [P] + 1

The enzyme-substrate complex concentration is proportional to the initial rate of product
formation. Therefore;
𝑑𝑃
= 𝑘[𝐸𝑆]
𝑑𝑡
𝑟=

𝑑𝑃
𝐾𝑥 [𝐸𝑇 ][S]
=𝑘
𝑑𝑡
𝐾𝑥 [S] + 𝐾𝑦 [P] + 1

where 𝑟 is the rate of the products with units of in 𝑚𝑚𝑜𝑙⁄𝐿. ℎ ,[𝑆] is the substrate concentration with units
2
in 𝑐𝑚 ⁄𝑚𝐿 ,[P] is the concentration of MHET, the inhibitor, with units in 𝑚𝑚𝑜𝑙⁄𝐿 ,[𝐸𝑇 ] is the total

concentration of the enzyme with units in

µ𝑔
⁄𝑚𝐿 and the products concentration area measured in

𝑚𝑚𝑜𝑙⁄ . Hydrolysis of The reaction produces MHET, BHET, and TPA, from PET as the substrate, but
𝐿
the main inhibitor is MHET, which forms 75% of the product [146].
4.3.4. Rate Model Application
Product inhibition is a major issue in catalytic hydrolysis. The enzymatic hydrolysis of PET
produces intermediate soluble products such as mono(2hydroxyethyl) terephthalate (MHET) and bis(2hydroxyethyl) terephthalate (BHET), and TPA. Today, a common method for this hydrolysis reaction is
using a batch reactor with enzymes that break down PET. These products compete with the substrate for
the binding sites. This causes a temporary blockage to PET binding, making the process very slow and
ineffective.
Since these products have a similar PET structure, they bind to the enzyme [146]. A new method
using a semi-batch reactor with a membrane separator that filters out the products produced has been shown
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to reduce this time by about 70% [146]. Using membrane in enzymatic hydrolysis is a technology already
in practice in the industry, especially in lignocellulose plants.
Lignocellulose plants employ continuous hydrolysis operation using a series of tank vessels
connected to microfiltration membranes through pump-around loops, which remove sugars as they are
formed. The rest of the solids are directed towards the hydrolysis, repeating the same operation. The
enzymes lost through microfiltration are recovered downstream with ultrafilters. These models will study
concentration profiles using a rate law that incorporates the above developed Langmuir absorption model
with product inhibition effects
4.3.5. Batch PET Hydrolysis Modeling Using Thermobifida fusca (TfCut2)
The assumptions for mathematical simplification of PET hydrolysis are:


The substrate is uniform- models do not consider crystalline or amorphous parts of the substrate.



There’s competitive inhibition (mechanistically more realistic) scenario; the product competes for
the substrate’s active site with the enzymes. Inhibitors do not bind to the active sites of the substrate
in a non-competitive inhibition scenario. Non-competitive inhibition is irreversible, while
competitive is reversible [147].



Rate equations assume enzyme adsorption follows Langmuir-type isotherms with first-order
reaction occurring on the PET surface.



The conversation of intermediate products to TPA and EG occur in a solution, thus follow
Michaelis-Menten kinetics



The enzyme’s concentration assumed to be constant

4.3.5.1. Conversion of PET to MHET
The model that describes the conversion of PET into MHET considers inhibition by MHET and
TPA. The first term in the model follows Langmuir type kinetics, the second and the third term follows
Michaelis-Menten type kinetics. MHET is formed from PET and BHET and consumed to form TPA and
EG. The summary of kinetic information is shown in Figure 4.8.
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𝑑[𝑀𝐻𝐸𝑇]
𝐾𝑥 [𝐸𝑇 ]/𝑀𝐸 [S]
= 0.75𝑘
+
𝑑𝑡
𝐾𝑥 [S] + 𝐾𝑦 [P] + 1

𝑘𝑐𝑎𝑡𝐵𝐻𝐸𝑇 [𝐸𝑇 ]/𝑀𝐸 [𝐵𝐻𝐸𝑇]
𝑘𝑐𝑎𝑡𝑀𝐻𝐸𝑇 [𝐸𝑇 ]/𝑀𝐸 [𝑀𝐻𝐸𝑇]
−
[𝑀𝐻𝐸𝑇]
[𝑇𝑃𝐴]
[𝐵𝐻𝐸𝑇] + 𝐾𝑀 (1 + 𝐾
) [𝑀𝐻𝐸𝑇] + 𝐾𝑀 (1 + 𝐾 )
𝐼
𝐼

Figure 4.8 Kinetic of PET Hydrolysis
4.3.5.2. Conversion of PET to BHET
This model considers the formation of BHET from PET and its consumption to form MHET and
EG. The main inhibitor is MHET. The rate model follows Langmuir type kinetics for the formation and
Michaelis-Menten for the consumption.
𝑑[𝐵𝐻𝐸𝑇]
𝐾𝑥 [𝐸𝑇 ]/𝑀𝐸 [S]
𝑘𝑐𝑎𝑡𝑀𝐻𝐸𝑇 [𝐸𝑇 ]/𝑀𝐸 [𝐵𝐻𝐸𝑇]
= 0.25𝑘
−
[𝑀𝐻𝐸𝑇]
𝑑𝑡
𝐾𝑥 [S] + 𝐾𝑦 [P] + 1
[𝐵𝐻𝐸𝑇] + 𝐾𝑀 (1 + 𝐾
)
𝐼

4.3.5.3. Conversion of PET to BHET
PET hydrolysis follows Langmuir type kinetics. The product of PET hydrolysis is MHET, BHET,
and traces of TPA. The model only considers MHET and BHET as the main products.
𝑑[𝑃𝐸𝑇]
𝐾𝑥 [𝐸𝑇 ]/𝑀𝐸 [S]
= −𝑘
𝑑𝑡
𝐾𝑥 [S] + 𝐾𝑀𝐻𝐸𝑇 [MHET] + 𝐾𝐵𝐻𝐸𝑇 [BHET] + 1
4.3.5.4. MHET to TPA and EG
The biodegradation of MHET to TPA and EG follows Michaelis-Menten kinetics and is considered
homogeneous reactions. The balanced equation represents the reaction.
𝑀𝐻𝐸𝑇 + 𝑊𝑎𝑡𝑒𝑟 → 𝑇𝑃𝐴 + 𝐸𝐺 + 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝐼𝑜𝑛𝑠
14𝐶10 𝐻10 𝑂5 + 10𝐻2 𝑂 → 15𝐶8 𝐻6 𝑂4 + 10𝐶2 𝐻6 𝑂2 + 10𝐻 +
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4.3.5.5. BHET to MHET and EG
BHET also degrades to form MHET and EG, as shown below. The reaction is also considered
homogeneous and follows Michaelis-Menten's kinetics.
𝐵𝐻𝐸𝑇 + 𝐻2𝑂 → 𝑀𝐻𝐸𝑇 + 𝐸𝐺
Michaelis-Menten’s rate law with competitive inhibition of TPA was used to model the reaction
rate. The kinetic rate models for water, TPA, EG, and H+ are demonstrated below.
𝑑[𝑤𝑎𝑡𝑒𝑟]
10 𝑘𝑐𝑎𝑡𝑀𝐻𝐸𝑇 [𝐸𝑇 ]/𝑀𝐸 [𝑀𝐻𝐸𝑇]
=−
[𝑇𝑃𝐴]
𝑑𝑡
14
[𝑀𝐻𝐸𝑇] + 𝐾𝑀 (1 + 𝐾 )
𝐼

𝑑[𝑇𝑃𝐴] 15 𝑘𝑐𝑎𝑡𝑀𝐻𝐸𝑇 [𝐸𝑇 ]/𝑀𝐸 [𝑀𝐻𝐸𝑇]
=
[𝑇𝑃𝐴]
𝑑𝑡
14
[𝑀𝐻𝐸𝑇] + 𝐾𝑀 (1 + 𝐾 )
𝐼

𝑑[𝐸𝐺] 10 𝑘𝑐𝑎𝑡𝑀𝐻𝐸𝑇 [𝐸𝑇 ]/𝑀𝐸 [𝑀𝐻𝐸𝑇]
𝑘𝑐𝑎𝑡𝐵𝐻𝐸𝑇 [𝐸𝑇 ]/𝑀𝐸 [𝐵𝐻𝐸𝑇]
=
+
[𝑇𝑃𝐴]
[𝑀𝐻𝐸𝑇]
𝑑𝑡
14
[𝑀𝐻𝐸𝑇] + 𝐾𝑀 (1 +
) [𝐵𝐻𝐸𝑇] + 𝐾𝑀 (1 +
)
𝐾𝐼
𝐾𝐼
𝑑[𝐻 + ] 10
=
𝑑𝑡
14

𝑘𝑐𝑎𝑡 [𝐸𝑇 ]/𝑀𝐸 [𝑀𝐻𝐸𝑇]
[𝑇𝑃𝐴]
[𝑀𝐻𝐸𝑇] + 𝐾𝑀 (1 + 𝐾 )
𝐼

Table 4.6 PET Hydrolysis Modeling Parameters
Parameter

Value

Unit

Reference

Rate constant (k)

147.673

𝑚𝑖𝑛−1

[148]

The adsorption equilibrium constant (𝐾𝑥 )

0.01

𝑚𝐿⁄
𝑐𝑚2

[148]

Inhibition binding constant (𝐾𝑦 )

0.738

𝐿⁄
mmol

[148]

𝑘𝑐𝑎𝑡 (MHET)

0.31

𝑠 −1

[146]

𝐾𝑀 (MHET)

7.33x10−3

𝑚𝑜𝑙/𝐿

[146]

𝐾𝐼 (TPA)

11.6 (86.20)

𝜇𝑀 (𝐿/𝑚𝑜𝑙)

[149]

𝐾𝑀 (TPA)

7 (70 x10−5 )

𝜇𝑀 (𝑚𝑜𝑙/𝐿)

[149]
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Table 4.6 (Continued)
𝑘𝑐𝑎𝑡 (BHET)

26.76

𝑠 −1

[146]

𝐾𝑀 (BHET)

3.97x10−2

𝑚𝑜𝑙/𝐿

[146]

𝐾𝐼 (MHET)

0.568

(𝐿/𝑚𝑚𝑜𝑙)

[148]

Enzyme concentration

50

µg
⁄mL

[146]

PET surface area

53

𝑐𝑚2⁄
𝑚𝐿

[146]

Temperature

60

𝐶

[146]

Buffer (𝑁𝑎2𝐻𝑃𝑂4) (pH=8.0)

0.7

𝑀𝑜𝑙𝑎𝑟

[146]

𝑇ℎ𝑒𝑟𝑚𝑜𝑏𝑖𝑓𝑖𝑑𝑎 𝑓𝑢𝑠𝑐𝑎 (𝑀𝐸 )

28230

𝑘𝐷𝑎

[150]

4.3.6. Analysis of the Results of the Simulation

Figure 4.9 PET Hydrolysis Process
PET hydrolysis is a heterogeneous phenomenon because of solid PET in water and enzyme. In the
first stage of hydrolysis, the enzyme attaches to the surface of PET and hydrolyzes PET into intermediate
compounds such as MHET and BHET. The hydrolase enzyme used is Thermobifida fusca (TfCut2).
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The first reaction, which is adsorption, is slow, with a reaction rate constant equal to 147.673
𝑚𝑖𝑛−1[148]. MHET and BHET are competitive inhibitors, and the ester bonds cause their inhibitory effect.
Both of these intermediates have a similar binding constant of 0.568𝐿. 𝑚𝑚𝑜𝑙 −1 for MHET and
0.550𝐿. 𝑚𝑚𝑜𝑙 −1 BHET, but slightly, shows that the second ester bond in BHET does not affect inhibition.
Figure 4.9 above shows the profiles obtained when the kinetics models are simulated. PET is
consumed completely after 50 hours. Studies show that TfCut2 has a higher affinity for MHET and BHET
than PET. The adsorption equilibrium constant for TfCut2 on PET is 0.01 𝑚𝐿. 𝑐𝑚−2[148]. Hydrolysis
results demonstrate that MHET is the main intermediate product formed, consisting of 75% of all products
formed after 1 hour of reaction. This is equivalent to 0.55g of MHET for every gram of PET used.
The second part of the hydrolysis involves the conversion of MHET and BHET into TPA and
EG. It is assumed that the reacting phase is in a solution; hence Michaelis-Menten type kinetics is
considered. The 𝑘𝑐𝑎𝑡 and 𝐾𝑀 for MHET is 0.31𝑠 −1 and 7.33x10−3 𝑚𝑜𝑙/𝐿 respectively, while that of
BHET is 26.76 𝑠 −1 and 3.97x10−2 𝑚𝑜𝑙/𝐿 respectively [146]. The
MHET is 42.29

𝐿
𝑚𝑜𝑙.𝑠

, while that of BHET is 674.05

𝑘𝑐𝑎𝑡
⁄𝐾 (specificity constant) of
𝑀

𝐿
𝑚𝑜𝑙.𝑠

Table 4.7 PET Hydrolysis Conversion Results
Time (hrs.)

Product (mmol/L)

Reaction time (hrs.)

50

50.34

Simulation Result

Stationary (hrs.)

76

51.09

Simulation Result

PET Conversion

0.9853

Conversion of PET into TPA and EG is computed, and results are represented in Table 4.7. The
numbers suggest the specificity constant of TfCut2 on BHET is 16-fold higher than on MHET. However,
[151] warns of the use and misuse of this constant on evaluating enzyme performance.
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Figure 4.10 Total Product Concentration in a Batch Reactor
Figure 4.10 shows the profile for total product concentration profile during hydrolysis.
4.3.6.1. Effect of Changing kcat of Adsorption on PET Hydrolysis
The 𝑘𝑐𝑎𝑡 of adsorption is 147.673𝑚𝑖𝑛−1 (2.45𝑠 −1 ). The analysis will involve changing the values
of 𝑘𝑐𝑎𝑡 and see the behavior of the models. When adsorption kcat is multiplied by 10 (24.5s−1 ), the graph
in figure 4.11 is obtained.
When the reaction adsorption reaction rate constant is multiplied by 10, the MHET concentrations
also increase from below 5mmol/L to above 20 mmol/L, and BHET concentration also increases. The PET
consumption reaches zero between 25 to 30 hours, and the reaction reaches the stationary stage at around
30 hours compared to 70 hours using the original 𝑘𝑐𝑎𝑡.

Figure 4.11 Reaction Rate Constant is 24.5 (1/s)
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When adsorption kcat is multiplied by 20 (50s −1 ), Figure 4.12 is obtained.

Figure 4.12 Reaction Rate Constant is 50 (1/s)
When the reaction adsorption reaction rate constant is multiplied by 20, the MHET and BHET
concentrations also increase. The PET consumption reaches zero around 20 hours, and the reaction reaches
the stationary stage at around 30 hours compared to 70 hours using the original 𝑘𝑐𝑎𝑡. When adsorption kcat
is multiplied by 100 (245s−1 ), the graphs in Figure 4.13 are obtained.

Figure 4.13 Reaction Rate Constant is 245 (1/s)
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When the adsorption reaction rate constant is multiplied by 100, the MHET and BHET
concentrations also increase to about 40 mmol/L and 8 mmol/L, respectively. The PET consumption
reaches zero around 7 hours, and the reaction reaches the stationary stage at around 30 hours compared to
70 hours using the original 𝑘𝑐𝑎𝑡.
Table 4.8 Summary of Impact of Increasing Adsorption Rate
kcat

2.45𝒔−𝟏

24.5𝒔−𝟏

50𝒔−𝟏

245𝒔−𝟏

MHET concentrations

4 mmol/L

22mmol/L

28

38

BHET concentration

0.5 mmol/L

2mmol/L

4

8

PET completely consumed

50 mmol/L

30 hours

20

7

TPA concentration

55 mmol/L

55 mmol/L

55 mmol/L

55 mmol/L

Etheylene glycol concentration

50 mmol/L

50 mmol/L

50 mmol/L

50 mmol/L

Reaction is stationary

50 hours

30 hours

30 hours

30 hours

4.3.7. Model Validation
The available literature data from the experiment are compared with the model results to validate
the model’s development for PET enzymatic hydrolysis. The model shows a good fit with the experimental
data, as shown in Figure 4.14 below. Data is extracted from an experiment performed by Barth et al. [146]
on the enzymatic hydrolysis of PET hydrolysis by Thermobifida fusca (Tfcut2). The model was developed
using parameters in Table 4.6.
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Figure 4.14 Concentration of MHET
4.3.8. Hydrolysis Scale-up
Hydrolysis modeling in a batch reactor resulted in EG and TPA production with a concentration of
50.32 mmol/L and 55.9 mmol/L, respectively. The hydrolysis reaction time is 50 hours. The proposed
capacity of the plant is 50 metric tons per day, and if a reactor size of 200 𝑚3 is used for hydrolysis, scaledup hydrolysis would approximately need four such reactors.
4.4. Extracellular Enzyme Production
This section focuses on developing kinetics models for extracellular enzyme production used in the
hydrolysis of PET.
4.4.1. Kinetic Modeling of Extracellular Enzyme Production in a Batch Reactor
4.4.1.1. Growth Model
The logistic (Verhulst’s) equation [152] was used to describe cell growth, as shown below.
𝑑𝑋
𝑋
= 𝜇𝑚 𝑋 (1 −
)
𝑑𝑡
𝑋𝑚
When 𝑡 = 0, 𝑋 = 𝑋0, the integrated form of this equation will become:
𝑋=

𝑋𝑜 𝑋𝑚 𝑒 𝜇𝑚𝑡
𝑋𝑚 − 𝑋0 + 𝑋0 𝑒𝜇𝑚𝑡
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where X is total biomass concentration (g/L), t is the growth time (hours), 𝑋𝑜 is the initial biomass
concentration (g/L), 𝑋𝑚 is the maximum biomass concentration (g/L) and 𝜇𝑚 the maximum specific
growth rate (ℎ−1).
4.4.1.2. Enzyme Production
The relationship between cell growth and cellulase production for R stolonifer TP-02 is described
by the 𝐿𝑢𝑒𝑑𝑒𝑘𝑖𝑛𝑔– 𝑃𝑖𝑟𝑒𝑡 equation:
𝑑𝑃
𝑑𝑋
= 𝛽𝑋 + 𝛼
𝑑𝑡
𝑑𝑡
When the logistic equation (cell growth model) is introduced into the Leudeking-Piret model, the
following model is achieved, Leudeking-Piret Logistic model:
𝑑𝑃
𝑋
= 𝛽𝑋 + 𝛼𝜇𝑚 𝑋 (1 −
)
𝑑𝑡
𝑋𝑚
where P represents product (enzyme) concentration (𝑔/𝐿), 𝛼 is growth-associated constants, and 𝛽 is nongrowth-associated constant. When 𝛼 ≠ 0; 𝛽 = 0 the model is growth coupling, 𝛼 = 0; 𝛽 ≠ 0 the
model is non-growth coupling, and when 𝛼 ≠ 0; 𝛽 ≠ 0 the model is partially growth coupling. When
Leudeking-Piret Logistic model is integrated:
𝑋𝑚
𝑋𝑚 − 𝑋0 + 𝑋0 𝑒 𝜇𝑚𝑡
𝑋0 𝑋𝑚 𝑒 𝜇𝑚𝑡
𝑃=𝛽
ln (
) + (𝛼
)
𝜇𝑚
𝑋𝑚
𝑋𝑚 − 𝑋0 + 𝑋0 𝑒𝜇𝑚𝑡
4.4.1.3. Substrate Consumption
The total substrate consumption can be described as follows:
−

𝑑𝑆
1 𝑑𝑋 1 𝑑𝑃
=
+
+ ѱ𝑋
𝑑𝑡 𝑌𝑋 𝑑𝑡 𝑌𝑃 𝑑𝑡
𝑆

𝑆

𝑔
𝑔
𝑆

where, 𝑌𝑋 ( ) is represents the yield of cell mass concerning the substrate 𝑌𝑃 Represents the yield of the
𝑆

product for the substrate and ѱ cell maintenance coefficient (𝑔/𝑔. ℎ). Experiments showed that the total
sugar consumption rate by the microorganism is not directly related to product synthesis [153], hence:
−

𝑑𝑆
𝑑𝑋
= 𝛿𝑋 + 𝜎
𝑑𝑡
𝑑𝑡
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where 𝜎 is the specific substrate consumption constants for growth and 𝛿 is the biomass maintenance
coefficient. When the logistic model is introduced into the substrate consumption model, the LeudekingPiret logistic model for substrate consumption is attained.
−

𝑑𝑆
𝑋
= 𝛿𝑋 + 𝜎𝜇𝑚 𝑋 (1 −
)
𝑑𝑡
𝑋𝑚
𝜎=

1
𝑌𝑋
𝑆

When the model is integrated, the following model is achieved:
𝑆𝑡 = 𝑆𝑜 − 𝜎𝑔(𝑡) − 𝛿ℎ(𝑡)
where, 𝑆𝑡 substrate concentration at any time, and 𝑆𝑜 is the initial substrate concentration.
𝑔(𝑡) =

(𝑡) =

𝑋0 𝑋𝑚 𝑒 𝜇𝑚𝑡
𝑋𝑚 − 𝑋0 + 𝑋0 𝑒𝜇𝑚𝑡

𝑋𝑚
𝑋𝑚 − 𝑋0 + 𝑋0 𝑒 𝜇𝑚𝑡
ln (
)
𝜇𝑚
𝑋𝑚

When 𝑡 = 0, 𝑆 = 𝑆𝑜 , the modified Leudeking-Piret equation for substrate utilization becomes:
𝑆𝑡 = 𝑆𝑜 − 𝜎

𝑋0 𝑋𝑚 𝑒 𝜇𝑚𝑡
𝑋𝑚
𝑋𝑚 − 𝑋0 + 𝑋0 𝑒 𝜇𝑚𝑡
−
𝛿
𝑙𝑛
(
)
𝑋𝑚 − 𝑋0 + 𝑋0 𝑒𝜇𝑚𝑡
𝜇𝑚
𝑋𝑚

Table 4.9 Parameters Used in Modeling Hydrolase Production
Parameter

symbol

value

unit

References

Maximum cell growth

𝑋𝑚

9.8

(𝑔/𝐿)

[154]

Growth coupling parameter

𝛼

0.78

(𝑈/𝑔)

fitting

Specific substrate consumption constants for growth

𝜎

1.8

(𝑔/𝑔)

fitting

Specific substrate consumption constants for biomass

𝛿

0.03

(𝑔/𝑔)

fitting

The maximum specific growth rate

𝜇𝑚

0.5

(1/ℎ)

[154]
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The kinetic parameters shown in Table 4.9 are obtained from the production of Thermobifida fusca
hydrolase (𝑇𝑓𝐻) in E. coli [154]. The reported kinetic models of microbial growth were generally based on
the logistic equation.
4.4.2. Discussion of Results of Extracellular Enzyme Production Modeling
Thermobifida fusca hydrolase (𝑇𝑓𝐻) is an extracellular hydrolase, which can biodegrade PET
plastic efficiently at the optimal temperature of 650 C − 700 𝐶 in the same manner as Thermobifida fusca
cutinase (TfCut2) [154]. The profiles in Figure 4.15 were obtained when the kinetic models were simulated
using the parameters in Table 4.9 above.

Figure 4.15 Microbial Growth, Substrate use, and Enzyme Activity
The batch kinetic parameters were obtained at a temperature of 390 𝐶, and the experiment was
performed with glucose as the main substrate. The following performance criteria were calculated to
analyze the results.
𝑈
𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ( ) = (𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦)𝑈/𝑚𝐿 ∗ 1000𝑚𝐿/𝐿
𝐿
𝑈
𝑣𝑜𝑙𝑢𝑚𝑒𝑛𝑡𝑟𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑈/𝐿)
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ( ) =
𝑔
𝑔
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠( 𝐿 )
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𝑈
𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ( 𝐿 )
𝑈
𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ( ) =
𝐿ℎ
𝐹𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒(ℎ)
𝑈
𝑣𝑜𝑙𝑢𝑚𝑒𝑛𝑡𝑟𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑈/𝐿ℎ)
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ( ) =
𝑔
𝑔ℎ
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠( 𝐿 )
Volumetric productivity of 7400𝑈/𝐿 of 𝑇𝑓𝐻 was obtained in a batch reactor. This number could
potentially be improved through fed-batch cultivations. These results show the potential of producing a
recombinant hydrolase for PET degradation in E. coli.
Table 4.10 Performance Parameters in Hydrolase Production
Parameter

Value (𝟏𝟎𝟑 )

Volumetric activity

7.4

𝑈/𝐿

Specific activity

0.76

𝑈/𝑔

Volumetric productivity

0.296

𝑈/ℎ𝐿

Specific productivity

0.03

𝑈/𝑔ℎ

Unit

4.4.2.1. Model Validation
Experimental results obtained from [155] are compared with the model results; Figure 4.16 shows
the comparison. As can be seen, the model and data have a good agreement. The blue dots represent the
experimental data, and the smooth orange line represents the model curve.
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Figure 4.16 Production on TfH in E. coli
4.5. Mathematical Modeling of Fermentation of Hydrolysate
This section focuses on kinetic modeling of the fermentation of the two main hydrolysis products:
EG and TPA. These products can be utilized by Pseudomonas putida as a carbon source, producing other
products. Our proposal involves fermenting both TPA and EG to acetone. EG is soluble and readily miscible
with water at room temperature and can easily be metabolized by the microbe.
However, TPA is solid at ambient conditions and poorly soluble in water. Nevertheless, it has been
found that TPA is soluble in an aqueous solution with a dialkaline electric buffer. Under these conditions,
the solubility of TPA is enhanced with an increase in temperature; hence the fermentation will be performed
at temperatures between 500 𝐶 − 600 𝐶.The solubility of TPA is discussed, mathematical models for
fermentation of both EG and TPA separately and as co-substrates are developed. Additionally, vacuum
extraction and air stripping are considered separation techniques. For these, mathematical models are
developed, and results are analyzed.
4.5 1. Effect of pH on the Solubility of PTA in Aqueous Solution.
TPA is poorly soluble in water at room temperatures, but the solubility increases as temperature
increases, as shown in Table 4.11 below.
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Table 4.11 Solubility of TPA in the Water at Different Temperatures[156]
Temperature

25° C

60° C

120° C

160° C

200° C

240° C

Water (g/100g)

0.0019

0.008

0.08

0.38

1.7

9

However, TPA dissolves in an aqueous solution containing an alkali metal or ammonium salt and
organo-carboxylic acid to a considerable extent at a high temperature of 800 𝐶 − 1900 𝐶 [157] as shown in
Table 4.12. Additionally, TPA is soluble in a polar organic solvent with an aqueous base.
Table 4.12 The Solubility of TPA in Aqueous Solution at Different Temperatures [157]
Temperature (C)

24

100

124

160

176

Solubility of TPA (g)

3.0

31

50

83

100

TPA is dissolved in a disodium terephthalate, and the free acetic acid is dissolved in water in a
molecular state. The information above shows that the amount of carboxylic acid salt added is preferably
more than enough to convert two carboxyl groups of TPA into alkali salts. In case the amount of said salt
is less than twice the mole of TPA, the solubility of TPA in water is poor because monoalkali salt is formed
in place of the dialkali salts more easily soluble. High temperature and high pressure are required to dissolve
the TPA completely [158]
4.5.2. Stability of PTA and Ionic Strength in an Aqueous Solution
Increasing ionic strength increases the hydrolysis of PET. For example, It is demonstrated that
using a buffer (𝑁𝑎2 𝐻𝑃𝑂4 ) of ionic strength 3M has a higher hydrolysis rate than a buffer with the ionic
strength of 0.07M [148]. During PET hydrolysis, a buffer of high molarity or strength is required to maintain
the pH of the reaction medium. Sodium phosphate buffer of 0.7M and pH = 8.5 was used.
Increasing ionic strength signifies a net reduction in the attraction between the positive and negative
ions in the solution. This is because there’s less attraction to each other; there’s a lesser tendency for them
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to come together. For example, 𝑁𝑎𝑁03 is monoalkali while

𝑁𝑎2 𝐻𝑃𝑂4 is a dialkaline. In this

case, 𝑁𝑎2 𝐻𝑃𝑂4 has a higher ionic strength than 𝑁𝑎𝑁03 .
4.5.3. Co-fermentation of TPA and EG
Cells can utilize a mixture of substrates to grow. When microbial growth is limited with more than
one substrate, three forms of growth models should be considered, according to [159]:
The interactive model assumes that both substrates are having less than saturating concentrations,
then both must affect the overall growth rate of the cell. Therefore, the model is made by multiplying the
single-substrate limited models together [160]. In this case, specific growth rates are modeled according to
Monod’s equation is considered.
𝑆1
𝑆2
𝜇 = 𝜇𝑚𝑎𝑥 (
)(
)
𝐾𝑆1 + 𝑆1 𝐾𝑆2 + 𝑆2
The non-interactive model states that the growth is only limited by one substrate at a time.
𝜇 = 𝜇𝑚𝑎𝑥 (
𝜇 = 𝜇𝑚𝑎𝑥 (

𝑆1
)
𝐾𝑆1 + 𝑆1

𝑆2
)
𝐾𝑆2 + 𝑆2

Additive models are the single growth models that can be added to each other divided by the
substrates [161].
𝑆
𝑆
(𝐾 +1 𝑆 ) + (𝐾 +2 𝑆 )
𝑆1
1
𝑆2
2
𝜇 = 𝜇𝑚𝑎𝑥
2
If the growth is not hindered in either substrate's absence, then the additive model is applicable.
These models can also be developed for other growth descriptive single substrate equations.
4.5.3.1. Batch Models for Growth on a Mixture of Substrates
The cell’s growth rate can be expressed as follows:
𝑑𝑋
= 𝜇𝑥 𝑋
𝑑𝑡
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where 𝜇𝑥 𝑡ℎ𝑒 specific growth rate of the cell. According to Monod, the specific growth rate is modeled in
a mixture of the substrate, considering an additive integration form [161]. Product inhibition is minimized
by extractive fermentation such as air stripping or vacuum extraction. Therefore, the inhibition term in the
model is neglected.
𝑆𝑖
𝜇𝑖 = 𝜇𝑚𝑎𝑥𝑖 (
)
𝐾𝑆𝑖 + 𝑆𝑖
The model describing the specific growth rate for component 𝑖 would be:
𝜇𝑖 = (

𝜇𝑚𝑎𝑥𝑖 𝑆𝑖
)
𝐾𝑆𝑖 + 𝑆𝑖

The kinetic model that describes the specific growth rate of the microbes consuming EG as a
substrate would be:
𝜇1 = (

𝜇𝑚𝑎𝑥1 𝑆1
)
𝐾𝑆1 + 𝑆1

The model that describes the specific growth rate of the microbes consuming TPA as a substrate
would be:
𝜇2 = (

𝜇𝑚𝑎𝑥2 𝑆2
)
𝐾𝑆2 + 𝑆2

The model that describes the growth rate of the microbes consuming EG as a substrate would be:
𝑑 𝑋1
= 𝜇1 𝑋1
𝑑𝑡
The model that describes the growth rate of the microbes consuming TPA as a substrate is:
𝑑 𝑋2
= 𝜇2 𝑋2
𝑑𝑡
When the microbes grow on a mixture of substrates, the model used to describe growth is:
𝑑𝑋
= 𝜕1 ( 𝜇1 )𝑋 + 𝜕2 ( 𝜇2 )𝑋
𝑑𝑡
where, ∂ is the weighting factor, which depends on the relative consumption rates of the two substrates.
The sum of the weighting factors is assumed to be unit, based on the assumption that both EG and
TPA compete for the uptake via the same and unchanged transport system in the Pseudomonas putida [93].
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The uptake rate for PTA is considered slower. The weighting factor can be obtained through the
models below [162].
𝐾𝑆1⁄
𝑆1
𝜕1 =
𝐾𝑠1⁄
𝐾𝑠2⁄
𝑆1 +
𝑆2
𝐾𝑆2⁄
𝑆2
𝜕2 =
𝐾𝑠1⁄
𝐾𝑠2⁄
𝑆1 +
𝑆2
𝜕1 + 𝜕2 = 1
𝜕2 = 1 − 𝜕1
For substrate consumption, both EG and TPA are considered in separate rate equations. The same
constrain is considered on the proportioning factors to indicate an unchanged activity and constant total
substrate uptake rate. Substrate utilization or consumption [163];
−

𝑑𝑆
1 𝑑𝑥
1 𝑑𝑃
=
(
)+
+ 𝑚𝑋
𝑑𝑡 𝑌𝑋/𝑆 𝑑𝑡
𝑌𝑃/𝑆 𝑑𝑡

Experiments have shown that the total sugar consumption rate by the microorganism is not directly
related to product synthesis [153], hence:
𝑆𝐸𝐺 =

1 𝜇𝑚𝑎𝑥1 𝑆1
(
) + 𝑚1
𝑌1𝑋 𝐾𝑆1 + 𝑆1
𝑆

𝑑𝑆1
= −{𝜕1 [𝑆𝐸𝐺 ]𝑋}
𝑑𝑡
𝑆𝑇𝑃𝐴 =

1 𝜇𝑚𝑎𝑥2 𝑆2
(
) + 𝑚2
𝑌2𝑋 𝐾𝑆2 + 𝑆2
𝑆

𝑑𝑆2
= −{(1 − 𝜕1 )[𝑆𝑇𝑃𝐴 ]𝑋}
𝑑𝑡
The following kinetic model is made to describe the product formation on EG consumption;
𝑌1𝑃
𝑣𝐸𝐺 =

𝑆

𝑌1𝑋
𝑆

(

𝜇𝑚𝑎𝑥1 𝑆1
) + 𝑚1
𝐾𝑆1 + 𝑆1

When TPA is consumed by the microbes, the kinetic model that describe the product formation is;
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𝑌2𝑃
𝑣𝑇𝑃𝐴 =

𝑆

𝑌2𝑋
𝑆

(

𝜇𝑚𝑎𝑥2 𝑆2
) + 𝑚2
𝐾𝑆2 + 𝑆2

When both substrates are consumed by the microbes simultaneously, the kinetic model used to
describe product formation is;
𝑑𝑃
= [𝜕1 (𝑣𝐸𝐺 ) + (1 − 𝜕1 )𝑣𝑇𝑃𝐴 ]𝑋
𝑑𝑡
4.5.3.2. Kinetic Models for Acetone Production with Air Stripping
Extractive batch fermentation uses a mass balance equation with acetone removal by a gas stream,
including changes in the broth volume. The following models are proposed: Cell’s growth rate under air
stripping modeling;
𝑑𝑋
= 𝜕1 ( 𝜇1 )𝑋 + 𝜕2 ( 𝜇2 )𝑋
𝑑𝑡
𝑑(𝑉𝑋)
𝑑𝑋
𝑑𝑉
=𝑉
+𝑋
= [𝜕1 ( 𝜇1 )𝑋 + 𝜕2 ( 𝜇2 )𝑋]𝑉
𝑑𝑡
𝑑𝑡
𝑑𝑡
The model for calculating the volume of the broth (𝑉) in the fermenter is;
𝑑𝑉
𝑉𝐿
= −𝑅𝐴
𝑑𝑡
𝜌𝑚
where, 𝑉𝑜 (L) is the volume of the broth at 𝑡 = 0, 𝐹𝑎𝑖𝑟 (𝐿/ℎ) average evaporating flow rate, 𝜇𝑚𝑖𝑥 , is the
cell-specific growth rate, 𝑋 (𝑔/𝐿) cell’s dry mass, and 𝑡 (ℎ) is time. Replacing 𝑉 in the cell growth
equation;
𝑉

𝑑 𝑋𝑠
𝑑𝑉
= [𝜕1 ( 𝜇1 )𝑋 + 𝜕2 ( 𝜇2 )𝑋]𝑉 − 𝑋
𝑑𝑡
𝑑𝑡

The model for cell’s growth rate under air stripping is;
𝑑 𝑋𝑠
𝑋 𝑑𝑉
= [𝜕1 ( 𝜇1 )𝑋 + 𝜕2 ( 𝜇2 )𝑋] −
𝑑𝑡
𝑉 𝑑𝑡
The model that describes the product formation under air stripping is;
𝑑𝑃
= {[𝜕1 (𝑣𝐸𝐺 ) + (1 − 𝜕1 )𝑣𝑇𝑃𝐴 ]𝑋}
𝑑𝑡
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𝑑(𝑉𝑃)
𝑑 𝑃𝑠
𝑑𝑉
=𝑉
+𝑃
= {[𝜕1 (𝑣𝐸𝐺 ) + (1 − 𝜕1 )𝑣𝑇𝑃𝐴 ]𝑋}𝑉 − 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑠𝑡𝑟𝑖𝑝𝑝𝑖𝑛𝑔
𝑑𝑡
𝑑𝑡
𝑑𝑡
𝑑(𝑉𝑃)
𝑑 𝑃𝑠
𝑑𝑉
=𝑉
+𝑃
= {[𝜕1 (𝑣𝐸𝐺 ) + (1 − 𝜕1 )𝑣𝑇𝑃𝐴 ]𝑋}𝑉 − 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑠𝑡𝑟𝑖𝑝𝑝𝑖𝑛𝑔
𝑑𝑡
𝑑𝑡
𝑑𝑡
𝑉

𝑑 𝑃𝑠
𝑑𝑉
+𝑃
= {[𝜕1 (𝑣𝐸𝐺 ) + (1 − 𝜕1 )𝑣𝑇𝑃𝐴 ]𝑋}𝑉 − 𝑠𝑡𝑟𝑖𝑝𝑝𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
𝑑𝑡
𝑑𝑡

The general stripping rate of acetone can be described by the model below according to [164];
𝑑𝐶𝐴
𝐹𝑎𝑖𝑟 𝑘𝐴𝐿 𝑎 (1 − Ø)
=[
+ 𝐷𝑅] 𝐶𝐴
𝑑𝑡
𝐹𝑎𝑖𝑟 + 𝑉𝐿 (𝑘𝐴𝐿 𝑎)(𝐾𝐴𝐿 )
𝐺

where, 𝐶𝐴 concentration of acetone in the liquid phase, DR dilution rate (if working under continuous
𝐿
ℎ

mode), 𝐹𝑎𝑖𝑟 ( ) the volumetric flow of stripping air, 𝑘𝐴𝐿 𝑎(ℎ−1 )volumetric mass transfer coefficient,𝑉𝐿 (𝐿)
liquid volume in the reactor,(𝐾𝐴𝐿 ) partition coefficient (ratio of the concentration of liquid and gas at the
𝐺

boundary), Ø efficiency of the exhaust gas cooler, if there no exhaust gas cooler, Ø = 0, if the reaction in
batch mode then 𝐷𝑅 = 0, hence, the model reduces to;

𝑅𝐴 =

𝑑𝐶𝐴
𝐹𝑎𝑖𝑟 𝑘𝐿𝐴 𝑎
=[
]𝐶
𝑑𝑡
𝐹𝑎𝑖𝑟 + 𝑉𝐿 (𝑘𝐿𝐴 𝑎)(𝐾𝐴𝐿 ) 𝐴
𝐺

The rate of acetone stripping (removal rate), 𝑅𝐴 (𝑔/𝐿ℎ) can be reduced to the model below.
𝑅𝐴 = 𝑘𝐴 𝐶𝐴
where, 𝑘𝐴 is the removal rate constant (ℎ−1).

𝑘𝐴 = [

𝐹𝑎𝑖𝑟 𝑘𝐿𝐴 𝑎
]
𝐹𝑎𝑖𝑟 + 𝑉𝐿 (𝑘𝐿𝐴 𝑎)(𝐾𝐴𝐿 )
𝐺

Another way of calculating the rate of acetone going into the gas phase (stripped) according to
[165] and [166] respectively are;
𝑑𝐶𝐴𝑔
𝑉𝐿 𝑅
= −𝑘𝐿𝐴 𝑎 (𝐶𝐴𝑔 − 𝐶𝐴 )
𝑑𝑡
𝑉𝐺 𝑇𝐻
𝑑𝐶𝐴𝑔
𝑉𝐿 𝐹𝑎𝑖𝑟
= 𝑘𝐿𝐴 𝑎 (𝐶𝐴− 𝐾𝐴𝐿 𝐶𝐴𝑔 ) −
𝑑𝑡
𝑉𝐺
𝑉𝐺
𝐺
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where 𝐶𝐴𝑔 is the equilibrium acetone concentration expressed through the liquid phase, 𝑉𝐺 is the volume
liquid phase above the reactor, T is the temperature in Kelvin, 𝑘𝐿𝐴 𝑎 is the volumetric mass transfer
coefficient for acetone, and H is the Henry constant of acetone.
Volumetric mass transfer coefficient for acetone can be calculated as follows according to [165] ;
(𝑘𝐿𝐴 𝑎)
𝐷𝐴
=
𝑘𝑜𝐴 𝑎
𝐷𝑜
where 𝑘𝑜𝐴 𝑎 is the volumetric mass transfer coefficient of oxygen, 𝐷𝑜 is the diffusion coefficient for oxygen
at 600 𝐶 and 𝐷𝐴 , is the diffusion coefficient for acetone at the same temperature. The 𝐷𝐴 is 12.54 ∗
10−6 𝑚2 /𝑠[167], while that of oxygen at the same temperature is 𝐷𝑜 = 3.3 ∗ 10−9 𝑚2 /𝑠[168]. The 𝑘𝑜𝐴 𝑎
is approximated to be 0.002𝑠 −1[169]. From these numbers, the approximate value of (𝑘𝐿𝐴 𝑎) = 7.6𝑠 −1
The Henry law model is;
𝑃 = 𝐻𝑐
but, Henry’s law constant (H) is the same as the partition coefficient (𝐾𝐴𝐿 ) and can be expressed below.
𝐺

These values can be estimated from[170], [171]. The partition coefficient influences the air
stripping (𝐾𝐴𝐿 ) and the specific gas flow rate (
𝐺

𝐹𝑎𝑖𝑟
).
𝑉𝐿

𝐶𝐴𝑖

𝐾𝐴𝐿 =

𝑖
𝐶𝐴𝐺

𝐺

𝑖
where, 𝐶𝐴𝑖 the concentration of acetone in the liquid phase at the boundary, 𝐶𝐴𝐺
, represents the concentration

of acetone in the gas phase at the boundary. At low acetone fraction (acetone content of 100𝑔/𝐿 equals
roughly a mole fraction of 0.048).
𝑖
𝐶𝐴𝑖 = 𝑥𝐴𝐿
[

𝑖
𝑖
𝐶𝐴𝐺
= 𝑥𝐴𝐺
[

𝑖
𝑥𝐴𝐺

=

𝑖
𝑥𝐴𝐿

𝜌𝑤 𝑀𝐴
]
𝑀𝑤

𝑃𝐺 𝑇0 𝑀𝐴
]
𝑃0 𝑇𝐺 𝑉0

𝑝𝑎𝑠𝑎𝑡 𝛾𝐴𝐿
[
]
𝑃𝐺
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𝑝𝑎𝑠𝑎𝑡 = 10
𝐾𝐴𝐿 =
𝐺

𝐶𝐴𝑖
𝑖
𝐶𝐴𝐺

=

𝐵𝑖
(𝐴𝑖 −
)
𝑇+ 𝐶𝑖

𝑃0 𝑇𝐺 𝑉0 𝜌𝑤
𝛾𝐴𝐿 𝑀𝑤 𝑇0 𝑝𝑎𝑠𝑎𝑡
𝐿

where,𝑀𝐴 = 58.08𝑔/𝑚𝑜𝑙𝑒, 𝑀𝑊 = 18.015𝑔/𝑚𝑜𝑙𝑒, 𝑉0 = 22.4 𝑚𝑜𝑙𝑒 , 𝜌𝑤 =

1000𝑔
, 𝑃0
𝐿

= 101325 𝑃𝑎, 𝑇0 =

273𝐾. At 333K, 𝑝𝐴∗ = 114,000, 𝑃𝑎 = 1.12 𝑎𝑡𝑚 = 861𝑚𝑚𝐻𝑔, 𝛾𝐴𝐿 = 5.3 at 333K, 𝑝𝐴∗ (atm) vapor
pressure of pure acetone, 𝛾𝐴𝐿 the activity coefficient of acetone in the liquid phase, 𝐶𝐴 = 𝑃𝑠 .
The concentration of acetone remaining in the liquid phase is;
𝑑 𝑃𝑠
𝑃 𝑑𝑉
= {[𝜕1 (𝑣𝐸𝐺 ) + (1 − 𝜕1 )𝑣𝑇𝑃𝐴 ]𝑋} −
− 𝑘𝐴 𝐶𝐴
𝑑𝑡
𝑉 𝑑𝑡
The rate of substrate utilization for EG under air stripping is;
−

𝑑(𝑉𝑆)
𝑑 𝑆𝑠
𝑑𝑉
1 𝑑(𝑉𝑋)
= −𝑉
− 𝑆𝑠
=
(
) + 𝑚𝑋
𝑑𝑡
𝑑𝑡
𝑑𝑡 𝑌𝑋
𝑑𝑡
𝑆

𝑑(𝑉𝑋1 )
𝜇𝑚𝑎𝑥1 𝑆1
=(
) 𝑋𝑉
𝑑𝑡
𝐾𝑆1 + 𝑆1
−

𝑑(𝑉𝑆)
𝑑 𝑆𝑠1
𝑑𝑉
1
𝜇𝑚𝑎𝑥1 𝑆1
= −𝑉
− 𝑆𝑠1
=
([(
) 𝑋] 𝑉) + 𝑚1 𝑋
𝑑𝑡
𝑑𝑡
𝑑𝑡 𝑌1𝑋
𝐾𝑆1 + 𝑆1
𝑆

𝑑𝑉
𝑉𝐿
= −𝑅𝐴
𝑑𝑡
𝜌𝑤

−𝑉

𝑑 𝑆𝑠1
𝑑𝑉
1
𝜇𝑚𝑎𝑥1 𝑆1
− 𝑆𝑠1
= 𝜕1 (
([(
) 𝑋] 𝑉) + 𝑚1 𝑋)
𝑑𝑡
𝑑𝑡
𝑌1𝑋
𝐾𝑆1 + 𝑆1
𝑆

𝑑 𝑆𝑠1
1
𝜇𝑚𝑎𝑥1 𝑆1
𝑚1 𝑋
𝑆𝑠1 𝑑𝑉
= −𝜕1 (
([(
) 𝑋]) −
)−
𝑑𝑡
𝑌1𝑋
𝐾𝑆1 + 𝑆1
𝑉
𝑉 𝑑𝑡
𝑆

The rate of substrate utilization for TPA under air stripping is;
𝑑 𝑆𝑠2
1
𝜇𝑚𝑎𝑥2 𝑆2
𝑚2 𝑋
𝑆𝑠2 𝑑𝑉
= −(1 − 𝜕1 ) (
([(
) 𝑋]) −
) −
𝑑𝑡
𝑌2𝑋
𝐾𝑆2 + 𝑆2
𝑉
𝑉 𝑑𝑡
𝑆

61

4.5.3.3. Vacuum Fermentation-Model Development
The model that describes cell’s growth rate is:
𝑑𝑋
= 𝜕1 ( 𝜇1 )𝑋 + 𝜕2 ( 𝜇2 )𝑋
𝑑𝑡
𝑑(𝑉𝑋)
𝑑 𝑋𝑣
𝑑𝑉
=𝑉
+ 𝑋𝑣
= [𝜕1 ( 𝜇1 )𝑋 + 𝜕2 ( 𝜇2 )𝑋]𝑉
𝑑𝑡
𝑑𝑡
𝑑𝑡
The volume of the fermenter’s broth (𝑉) is;
𝑉 = 𝑉𝑜 − 𝐹𝑒 𝑡
−

𝑑𝑉
= 𝐹𝑒
𝑑𝑡

where, 𝑉𝑜 (L) is the volume of the broth at 𝑡 = 0, 𝐹𝑒 (𝐿/ℎ) average evaporating flow rate, 𝜇𝑥 , represents
the cell-specific growth rate, 𝑋 (𝑔/𝐿) cell’s dry mass, and 𝑡 (ℎ) is time. Replacing 𝑉 in the cell growth
equation;
( 𝑉𝑜 − 𝐹𝑒 𝑡)

𝑑 𝑋𝑣
− 𝑋𝑣 𝐹𝑒 = [𝜕1 ( 𝜇1 )𝑋 + 𝜕2 ( 𝜇2 )𝑋]( 𝑉𝑜 − 𝐹𝑒 𝑡)
𝑑𝑡

𝑑 𝑋𝑣
= [(𝜕1 ( 𝜇1 )𝑋 + 𝜕2 ( 𝜇2 )𝑋)( 𝑉𝑜 − 𝐹𝑒 𝑡) + 𝑋𝑣 𝐹𝑒 ]/( 𝑉𝑜 − 𝐹𝑒 𝑡)
𝑑𝑡
Finally, the model that describes the cell’s growth rate under vacuum is:
𝑑 𝑋𝑣
𝑋 𝐹𝑒
= 𝜕1 ( 𝜇1 )𝑋 + 𝜕2 ( 𝜇2 )𝑋 +
𝑑𝑡
𝑉𝑜 − 𝐹𝑒 𝑡
The model that describes the product formation under vacuum is:
𝑑(𝑉 𝑃𝑣 )
𝑑 𝑃𝑣
𝑑𝑉
=𝑉
+ 𝑃𝑣
= {{[𝜕1 (𝑣𝐸𝐺 ) + (1 − 𝜕1 )𝑣𝑇𝑃𝐴 ]𝑋}𝑉 − 𝐹𝑒 𝑃𝑎𝑣
𝑑𝑡
𝑑𝑡
𝑑𝑡
where, 𝑃𝑣 (𝑔/𝐿) acetone concentration in the liquid phase, 𝑃𝑎𝑣 average acetone concentration in the vapor
phase, and 𝑣(ℎ−1 ) is the specific productivity of acetone. For calculating the vapor-liquid equilibrium of
the acetone-water mixture, Raoult’s model is proposed [172].
𝑃𝑎𝑣 𝛾𝐴𝐿 𝑝𝑖𝑠𝑎𝑡
=
= 𝐾𝑖
𝑃𝑣
𝑃𝑡
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where, 𝑃𝑡

represent the vapor pressure equilibrium of the solution (operating pressure of the

fermenter), 𝑝𝑖𝑠𝑎𝑡 the vapor pressure for a pure component 𝑖, [ 𝑃𝑣 ](𝑔/𝐿) acetone concentration in the liquid
phase, [𝑃𝑎𝑣 ] average acetone concentration in the vapor phase. The vapor pressure 𝑝𝑖𝑠𝑎𝑡 is calculated using
Antoine’s equation and is a function of temperature.
𝑝𝑖𝑠𝑎𝑡 = 10

𝐵𝑖
(𝐴𝑖 −
)
𝑇+ 𝐶𝑖

Antoine’s parameters of acetone and water are shown in Table 4.13. The fermentation temperature
is 60𝑜 𝐶.
Table 4.13 Antoine’s Parameters
Ai

Bi

Ci

Vapor Pressure (mmHg)

Acetone

7.2316

1277.03

237.23

861.7

Water

8.0713

1730.63

233.426

149.0

where, 𝐴𝑖 , 𝐵𝑖 𝑎𝑛𝑑 𝐶𝑖 are Antoines’s equation constants, and 𝑇 is the temperature at which the vapor
pressure is calculated.
𝑝𝑎𝑠𝑎𝑡 = 10

𝐵𝑖
(𝐴𝑖 −
)
𝑇+ 𝐶𝑖

𝑃𝑎𝑣 𝛾𝐴𝐿 𝑝𝑖𝑠𝑎𝑡
=
𝑃𝑣
𝑃𝑡
𝑉 = 𝑉𝑜 − 𝐹𝑒 𝑡
−
( 𝑉𝑜 − 𝐹𝑒 𝑡)

𝑑𝑉
= 𝐹𝑒
𝑑𝑡

𝑑 𝑃𝑣
− 𝑃𝑣 𝐹𝑒 = {[𝜕1 (𝑣𝐸𝐺 ) + (1 − 𝜕1 )𝑣𝑇𝑃𝐴 ]𝑋}(𝑉𝑜 − 𝐹𝑒 𝑡) − 𝐹𝑒 𝑃𝑎𝑣
𝑑𝑡

({[𝜕1 (𝑣𝐸𝐺 ) + (1 − 𝜕1 )𝑣𝑇𝑃𝐴 ]𝑋}( 𝑉𝑜 − 𝐹𝑒 𝑡) − 𝐹𝑒 𝑃𝑎𝑣 )
𝑑 𝑃𝑣
− 𝑃𝑣 𝐹𝑒 =
( 𝑉𝑜 − 𝐹𝑒 𝑡)
𝑑𝑡
The modified rate of product formation under vacuum extraction would be:
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𝑑 𝑃𝑣
𝑃𝑣 𝐹𝑒
𝐹𝑒 𝑃𝑎𝑣
= {[𝜕1 (𝑣𝐸𝐺 ) + (1 − 𝜕1 )𝑣𝑇𝑃𝐴 ]𝑋} +
−
𝑑𝑡
( 𝑉𝑜 − 𝐹𝑒 𝑡) ( 𝑉𝑜 − 𝐹𝑒 𝑡)
The modified rate of EG consumption under vacuum extraction can be developed as follows,
−

𝑑(𝑉𝑆)
𝑑 𝑆𝑣
𝑑𝑉
1 𝑑(𝑉𝑋)
= −𝑉
− 𝑆𝑣
=
(
) + 𝑚𝑋
𝑑𝑡
𝑑𝑡
𝑑𝑡 𝑌𝑋
𝑑𝑡
𝑆

𝑑(𝑉𝑋1 )
𝜇𝑚𝑎𝑥1 𝑆1
=(
) 𝑋𝑉
𝑑𝑡
𝐾𝑆1 + 𝑆1
−

𝑑(𝑉𝑆)
𝑑 𝑆𝑣1
𝑑𝑉
1
𝜇𝑚𝑎𝑥1 𝑆1
= −𝑉
− 𝑆𝑣1
=
([(
) 𝑋] 𝑉) + 𝑚1 𝑋
𝑑𝑡
𝑑𝑡
𝑑𝑡 𝑌1𝑋
𝐾𝑆1 + 𝑆1
𝑆

𝑉 = 𝑉𝑜 − 𝐹𝑒 𝑡
−

−( 𝑉𝑜 − 𝐹𝑒 𝑡)

𝑑𝑉
= 𝐹𝑒
𝑑𝑡

𝑑 𝑆𝑣1
1
𝜇𝑚𝑎𝑥1 𝑆1
− 𝑆𝑣1 𝐹𝑒 = 𝜕1 (
([(
) 𝑋]) [ 𝑉𝑜 − 𝐹𝑒 𝑡] + 𝑚1 𝑋)
𝑑𝑡
𝑌1𝑋
𝐾𝑆1 + 𝑆1
𝑆

𝑑 𝑆𝑣1
𝑆𝑣1 𝐹𝑒
1
𝜇𝑚𝑎𝑥1 𝑆1
𝑚1 𝑋
=−
− 𝜕1 (
([(
) 𝑋]) −
)
( 𝑉𝑜 − 𝐹𝑒 𝑡)
𝑑𝑡
𝑌1𝑋
𝐾𝑆1 + 𝑆1
𝑉𝑜 − 𝐹𝑒 𝑡
𝑆

The modified rate of TPA consumption under vacuum extraction is;
𝑑 𝑆𝑣2
𝑆𝑣2 𝐹𝑒
1
𝜇𝑚𝑎𝑥2 𝑆2
𝑚2 𝑋
=−
− (1 − 𝜕1 ) (
([(
) 𝑋]) −
)
( 𝑉𝑜 − 𝐹𝑒 𝑡)
𝑑𝑡
𝑌2𝑋
𝐾𝑆2 + 𝑆2
𝑉𝑜 − 𝐹𝑒 𝑡
𝑆

4.5.3.4. Growth Parameters Estimation for EG and TPA
The growth parameters for EG are obtained by fitting data obtained from metabolism of EG by
Pseudomonas putida MFL114[173]. Let the initial biomass concentration be (𝑋0 ), concentration after time
t, (𝑋𝑡 ), and the number of divisions be (𝑛).
𝑋𝑡 = 𝑋0 2𝑛
𝑙𝑜𝑔(𝑋𝑡 ) = 𝑙𝑜𝑔(𝑋0 ) + 𝑛𝑙𝑜𝑔(2)
𝑛=

𝑙𝑜𝑔(𝑋𝑡 ) − 𝑙𝑜𝑔(𝑋0 )
𝑙𝑜𝑔(2)
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𝑛=

1
= 3.32
𝑙𝑜𝑔(2)

𝑛 = 3.32{𝑙𝑜𝑔(𝑋𝑡 ) − 𝑙𝑜𝑔(𝑋0 )}
𝑛 = 3.32 𝑙𝑜𝑔 (

𝑋𝑡
)
𝑋0

Multiplication rate (r) is a quantity that describes the number of divisions that can take place within
a given period and is calculated as follows;
𝑋𝑡
𝑛 3.32 𝑙𝑜𝑔 (𝑋0 )
(𝑟) = =
𝑡
𝑡
Generation time (𝑔), describes the time necessary for one division (doublet time) and can be
calculated as follows;
(𝑔) =

𝑡
𝑡
1
1
𝑡
= = =
=
𝑋
𝑛 𝑟𝑡 𝑟 3.32 log ( 𝑡 ) 3.32 log ( 𝑋𝑡 )
𝑋0
𝑋0
𝑡
𝑡
𝑛=

𝑡
𝑔

log(𝑋𝑡 ) = log(𝑋0 ) + 𝑛𝑙𝑜𝑔(2)
ln(𝑋𝑡 ) = ln(𝑋0 ) +

𝑡
𝑙𝑛(2)
𝑔

𝑋0 = 0, and differentiating for 𝑡,
𝑑(𝑙𝑛 𝑋𝑡 ) 𝑙𝑛(2)
=
𝑑𝑡
𝑔
Specific growth rate (𝜇) =

ln(2)
𝑔

Having the optical density 600 values, with time, the value of 𝑔 can be generated; with 𝑔 values,
the specific growth rate values can also be obtained. From experimental data, the value of substrate
concentration can be obtained. Specific growth rate ; 𝜇𝑖 = 𝜇𝑚𝑎𝑥𝑖 (𝐾

𝑆𝑖

𝑆𝑖 + 𝑆𝑖

), from this equation, plot a

straight line graph of the inverse of specific growth rate versus the inverse of substrate concentration.
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1
1
𝐾𝑆
=
+
𝜇
𝜇𝑚𝑎𝑥 𝜇𝑚𝑎𝑥 + 𝑆
𝑦 = 𝑐 + 𝑚𝑥
𝑐=

1
𝜇𝑚𝑎𝑥

,𝑚 =

𝐾𝑆
𝜇𝑚𝑎𝑥

From the model fitting, 𝜇𝑚𝑎𝑥 = 0.285 ℎ−1 and 𝐾𝑆 = 6.978 g/L. The growth parameters for TPA
are obtained by fitting data obtained from the growth of Pseudomonas putida G016 on TPA by [96]. From
the model fitting, 𝜇𝑚𝑎𝑥 = 0.136 ℎ−1 and 𝐾𝑆 = 0.4193𝑔/𝐿. The combined air and vacuum stripping
models;
𝑑 𝑃𝑣𝑠 𝑑 𝑃𝑣 𝑑 𝑃𝑠
=
+
𝑑𝑡
𝑑𝑡
𝑑𝑡
4.5.3.5 Substrate Inhibition.
The substrates, TPA and EG, can inhibit the growth of microbes. When inhibition happens, then
growth will slow down, and less product will be formed. Acetone can also be toxic to the microbes and
hence inhibit their growth. Substrate inhibition term is incorporated in the kinetics to study its effects on
the overall process. The constant inhibition EG on the growth of Pseudomonas putida is 0.112g/L [173].
The inhibition constant of TPA on the growth of Pseudomonas putida is approximated to be 0.18
g/L [96]. When the substrate inhibition term is introduced into the specific growth rate, the new equation
for specific flow rate becomes:
𝜇𝑚𝑎𝑥𝑖 𝑆𝑖
𝜇𝑖 = (
)
𝑆𝑖 2
𝐾𝑆𝑖 + 𝑆𝑖 + 𝐾
𝐼𝑖

With substrate inhibition, the new growth and product formation profiles are obtained. A study to
compare the differences in productivity is done for models with and without substrate inhibition. Table 4.14
contains parameters used in the simulation.
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Table 4.14 Parameters used in EG and TPA Fermentation Modeling
Cell

EG

TPA

Unit

Reference

𝜇𝑚𝑎𝑥

0.285

0.136

ℎ−1

Fitting data from [173]

𝐾𝑆

6.978

0.4193

𝑔/𝐿

Fitting data from [96]

𝑚

0.007

0.006

ℎ−1

[174]

𝑌𝑋

0.115

0.100

𝑔/𝑔

[175]

0.47

0.4

𝑔/𝑔

[174]

Substrate

𝑆

𝑌𝑃
𝑆

4.5.3.5. Removal Rate Constant and Entrainment Factor
Removal rate constant (K A ) and entrainment factor (Ef ) are used as performance criteria air
stripping process. 𝐸𝑓 is calculated by;
𝐸𝑓 = [

𝐶𝑜 𝑉𝑜 − 𝐶𝑓 𝑉𝑓
]
𝐶𝑜 𝑉𝑜

where, 𝑘𝐴 can be modeled as previously discussed or calculated through curve fitting of the concentrationtime experimental data used in kinetic modeling of the developed for air stripping.
𝐶𝐴 = 𝐶𝐴0 𝑒 𝑘𝐴 𝑡
ln(𝐶𝐴 ) = ln(𝐶𝐴0 ) + 𝑘𝐴 𝑡
𝑦 = 𝑐 + 𝑚𝑥
𝑘𝐴 = 𝑚
The temperature influences the removal of acetone; vapor pressure is dependent on temperature,
and as the temperature increases, so does the vaporization of acetone. In bioprocesses, the temperature
influences the maximum specific growth rate of microbes. Therefore, the effect of temperature is implicit
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in the maximum growth rate value. This is depicted in the model developed by Aiba et al. [176], as shown
below
µ(𝑇) = µ(𝑇𝑚 )𝐼
𝐼=

𝑎𝑇𝑒 −𝐸1 /𝑅𝑇
1 + 𝑏𝑒 𝐸2 /𝑅𝑇

where 𝑇𝑚 is the maximum temperature for growth, µ(𝑇𝑚 ) is the maximum growth rate at maximum
temperature, and I is the fraction of the maximum growth rate, a and b are parameters that can be obtained
experimentally.
4.5.4. Simulation Results and Discussion

Figure 4.17 Batch Co-fermentation Profiles
Figure 4.17 represents the batch co-fermentation model. The solid blue line represents microbial
growth, while the blue dotted line represents the product formation. The solid orange line represents EG
utilization, and the dotted orange line represents TPA utilization.
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Figure 4.18 Product Formation on EG, TPA, and the Mixture.

Figure 4.19 Microbial Growth on EG, TPA, and the Mixture
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Figure 4.20 Acetone Stripped into the Gas Phase
Figure 4.20 above represents acetone concentration stripped into the gas phase using 𝑣𝑣𝑚 = 2
and temperature of 333K. More than 80% of the acetone formed is stripped into the gas phase. At this
temperature, most of the acetone formed is already in the vapor phase. The boiling point of acetone is 560 𝐶.

Figure 4.21 Concentration of Acetone in the Liquid Phase with and without Stripping.
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Figure 4.22 Vacuum Extraction at Pressure of 400 mmHg.
As shown in Figure 4.23, results indicate that more acetone is extracted into the cold trap as the
vacuum pressure decreases. This is because the fermenter is operated at 1 atmosphere, and reducing
pressure will increase the pressure gradient, which is the driving force in this case

Figure 4.23 Product in the Liquid Phase at a Pressure of 70 mmHg
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Figure 4.24 Product Formation at a Pressure of 400 mmHg.
Substrate inhibition slows down the growth of the microbes and reduces the productivity of the
process. Figure 4.25 shows microbial growth under substrate inhibition, and Figure 4.26 shows product
formation under substrate inhibition. The figure shows that it took longer to reach a stationary stage when
under substrate inhibition compared to when it is not.

Figure 4.25 Microbial Growth Under Substrate Inhibition
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Figure 4.26 Product Formation Under Substrate Inhibition
The following parameters are calculated to evaluate the performance of the batch operations.
𝑔
𝐴𝑐𝑒𝑡𝑜𝑛𝑒 𝑚𝑎𝑠𝑠 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝑔) + 𝐴𝑐𝑒𝑡𝑜𝑛𝑒 𝑠𝑡𝑟𝑖𝑝𝑝𝑒𝑑 𝑚𝑎𝑠𝑠 (𝑔)
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ( ) =
𝑙ℎ
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑟𝑜𝑡ℎ (𝐿) ∗ 𝐹𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒(ℎ)
𝑔
𝐴𝑐𝑒𝑡𝑜𝑛𝑒 𝑚𝑎𝑠𝑠 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝑔) + 𝐴𝑐𝑒𝑡𝑜𝑛𝑒 𝑠𝑡𝑟𝑖𝑝𝑝𝑒𝑑 𝑚𝑎𝑠𝑠 (𝑔)
𝑌𝑖𝑒𝑙𝑑( ) =
𝑔
𝑇ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑
Table 4.15 Fermentation Performance Criteria
No inhibition
Batch

Productivity (g/L/h)
Yield (g/g)

0.26

Inhibition
Air

Vacuum

2vvm

70 mmHg

0.26

0.26

0.44

Batch

0.15

Air

Vacuum

2vvm

70 mmHg

0.15

0.15

0.44

The techniques used in extractive fermentation are useful in separating the product from the
complex fermentation broth and vital in minimizing product inhibition during the bioprocess. Acetone is
toxic and must be removed from the fermentation broth as it is being formed. Two common industry
methods have been analyzed; air stripping and vacuum extraction. The productivity and yield describe the
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batch acetone fermentation and product recovery performance and product recovery by gas stripping and
vacuum extraction. The results are shown in Table 4.15 above.
The gas tripping was carried out at a temperature above the boiling point of acetone, which is
560 𝐶.When the gas is bubbled through the mixtures at a rate of 2 𝑣𝑣𝑚, more than 80% of acetone is
stripped. The batch process's productivity was 0.26g/l/h without substrate inhibition, while with substrate
inhibition, it is reduced to 0.14 g/l/h.
At a vacuum pressure of 70 mmHg, more acetone was extracted into the cold trap compared to one
performed at 400 mmHg. The driving force in vacuum extraction is the pressure difference. The higher the
pressure difference, the more effective the extraction would be. The growth models show that microbes
grow faster utilizing EG than when they use TPA. EG is an aliphatic organic compound as compared to
TPA is a more complex aromatic organic compound.
Furthermore, to understand the benefits of co-fermentation, a comparative analysis is done by
calculating the productivity and yield of acetone on EG and TPA separately and comparing them with cofermentation. Co-fermentation of TPA and EG results in productivity higher than when these substrates are
utilized separately by the cell, as shown in Table 4.16.
Table 4.16 Co-fermentation versus Single Substrate Fermentation
Parameter

Co-fermentation

EG

TPA

Productivity (g/L/h)

0.26

0.09

0.16

4.5.6. Fermentation Scale-up
For a particular production capacity and fermentation characteristics in such as the volume of broth
and fermentation time (𝑇𝑓), the volume of broth of each fermenter can be estimated [177].
𝑉𝑏𝑟𝑜𝑡ℎ =

𝑃𝑦 /𝑅
1
∗
𝜏
−
(𝜏
𝜏𝑓 𝑃𝑣
𝑦
𝑙 − 𝜏𝑓 )
𝜏𝑢𝑙

𝑘𝑔
𝑃𝑦 − 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
)
𝑦𝑒𝑎𝑟
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𝑅 𝑖𝑠 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦
𝑘𝑔 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑃𝑣 − 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
)
𝑣𝑜𝑙 𝑜𝑓 𝑏𝑟𝑜𝑡ℎ ∗ 𝑡𝑖𝑚𝑒
𝜏𝑙 − 𝑡𝑖𝑚𝑒 𝑛𝑒𝑐𝑒𝑠𝑠𝑎𝑟𝑦 𝑓𝑜𝑟 𝑐𝑙𝑒𝑎𝑛𝑖𝑛𝑔
𝜏𝑓 − 𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
𝜏𝑢𝑙 − 𝑢𝑝𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑡𝑖𝑚𝑒
8500ℎ
𝜏𝑦 − 𝑜𝑛𝑠𝑡𝑟𝑒𝑎𝑚 𝑡𝑖𝑚𝑒 (
)
𝑦
Table 4.17 Parameters for Calculating the Number of Fermenters
Parameter

Assumption

Reference

𝜏𝑙

8 hours

[178]

𝜏𝑓

50 hours

[177]

𝜏𝑢𝑙

10 hours

[178]

𝜏𝑦

8500 hours

[178]

𝑃𝑣

0.26𝑘𝑔⁄𝑚3 ℎ

This work

𝑃𝑦

5279081 𝑘𝑔/𝑦𝑒𝑎𝑟

This work

𝑅

0.9

Assumption

The model can calculate the minimum number of fermenters:
𝑁𝑓 𝜏𝑢𝑙 ≥ 𝜏𝑙 + 𝜏𝑓 + 𝜏𝑢𝑙
The volume of the fermentation broth can be estimated to be about 670 𝑚3. Assuming that the
fermenter is working at an 80% capacity, then the volume of the fermenter is approximately 870 𝑚3 .
The amount of acetone produced during fermentation is about 34 𝑔/𝑙, fermentation time of 50
hours, then the mass flow rate of acetone can be calculated. The total flow mass flow rate of acetone
obtained from the capacity of the plant is divided by the calculated flow rate to find the number of
fermenters. Four fermenters of 217 𝑚3 are needed for the process.
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4.5.7. Fermentation Reactor Energy Balance
4.5.7.1. Fermentation Energy Balance Model Development
The following mathematical assumptions are made to develop models for the energy balance of the
fermentation reactor.


The jacket is well insulated



The densities and specific heat of the fermentation broth and the coolant is constant



The broth is homogeneous
The balance for the system; the rate of change of energy accumulation in the reactor (𝐸𝑎𝑐𝑐 ), rate of

energy generation in the reactor (𝐸𝐺𝑒𝑛 ), rate of change of energy loss from the reactor (𝐸𝐿𝑜𝑠𝑠 ).
𝐸𝑛𝑒𝑟𝑔𝑦 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑅𝑒𝑎𝑐𝑡𝑜𝑟 = −𝐸𝑛𝑒𝑟𝑔𝑦 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 − 𝐸𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑠
𝑑 𝐸𝑎𝑐𝑐
= − 𝐸𝐺𝑒𝑛 − 𝐸𝐿𝑜𝑠𝑠
𝑑𝑡
𝐸𝐺𝑒𝑛 = −(∆ 𝐻𝑓𝐸𝐺 𝜇𝐸𝐺 + ∆ 𝐻𝑓𝑇𝑃𝐴 𝜇𝑇𝑃𝐴 )𝑋𝑉
𝐸𝐿𝑜𝑠𝑠 = 𝑈𝐴(𝑇 − 𝑇𝑗 )
𝑑 𝐸𝑎𝑐𝑐
= −(∆ 𝐻𝑓𝐸𝐺 𝜇𝐸𝐺 + ∆ 𝐻𝑓𝑇𝑃𝐴 𝜇𝑇𝑃𝐴 )𝑋𝑉 − 𝑈𝐴(𝑇 − 𝑇𝑗 )
𝑑𝑡
𝑑 𝐸𝑎𝑐𝑐 𝑑𝑚𝑐𝑝𝑇 𝑑𝜌𝑉𝐶𝑝𝑇
=
=
𝑑𝑡
𝑑𝑡
𝑑𝑡
𝑑𝜌𝑉𝐶𝑝𝑇
= −(∆ 𝐻𝑓𝐸𝐺 𝑆𝐸𝐺 + ∆ 𝐻𝑓𝑇𝑃𝐴 𝑆𝑇𝑃𝐴 )𝑋𝑉 − 𝑈𝐴(𝑇 − 𝑇𝑗 )
𝑑𝑡
𝑑𝑇
𝑋
𝑈𝐴 ∗ 3600
= − [(∆ 𝐻𝑓𝐸𝐺 𝑆𝐸𝐺 + ∆ 𝐻𝑓𝑇𝑃𝐴 𝑆𝑇𝑃𝐴 )
]−[
(𝑇 − 𝑇𝑗 )]
𝑑𝑡
𝜌𝐶𝑝𝑀
𝜌𝑉𝐶𝑝
The energy balance for the cooling Jacket is;
𝑑 𝐸𝐽
= 𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 + 𝐸𝑅𝐽
𝑑𝑡
𝐸𝑅𝐽 = 𝑈𝐴(𝑇 − 𝑇𝑗 )
𝐸𝑖𝑛 = 𝜌𝐶𝑝𝐹𝑇𝐶
𝐸𝑜𝑢𝑡 = 𝜌𝐶𝑝𝐹𝑇𝑗
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𝑑 𝐸𝐽
= 𝜌𝐶𝑝𝐹𝑇𝐶 − 𝜌𝐶𝑝𝐹𝑇𝑗 + 𝑈𝐴(𝑇 − 𝑇𝑗 )
𝑑𝑡
𝑑 𝐸𝐽 𝑑 𝑚𝑗 𝐶𝑝𝑇𝑗 𝑑 𝜌𝑉𝑗 𝐶𝑝𝑇𝑗
=
=
𝑑𝑡
𝑑𝑡
𝑑𝑡
𝑑 𝜌𝐶𝑝𝑉𝑗 𝑇𝑗
= 𝜌𝐶𝑝𝐹𝑇𝐶 − 𝜌𝐶𝑝𝐹𝑇𝑗 + 𝑈𝐴(𝑇 − 𝑇𝑗 )
𝑑𝑡
𝑑𝑇𝑗 𝜌𝐶𝑝𝐹𝑇𝐶 𝜌𝐶𝑝𝐹𝑇𝑗 𝑈𝐴(𝑇 − 𝑇𝑗 )
=
−
+
𝑑𝑡
𝜌𝐶𝑝𝑉𝑗
𝜌𝐶𝑝𝑉𝑗
𝜌𝐶𝑝𝑉𝑗
𝑑𝑇𝑗 𝐹𝑇𝐶 𝐹𝑇𝑗 𝑈𝐴 ∗ 3600(𝑇 − 𝑇𝑗 )
=
−
+
𝑑𝑡
𝑉𝑗
𝑉𝑗
𝜌𝐶 𝐶𝑝𝐶 𝑉𝑗
where (𝐸𝐽 ) is the rate of change of energy accumulation in the Jacket, (𝐸𝑖𝑛 ) is the rate of change of energy
into the Jacket, (𝐸𝑜𝑢𝑡 ) is the rate of change of energy out of the Jacket, and (𝐸𝑅𝐽 ) is the rate of change of
energy from the reactor to the Jacket. Parameters used in the energy balances are shown in Table 4.18
below.
Table 4.18 Parameters used in Fermenter’s Energy Balance
Parameter

Symbol

Value

Unit

Reference

The heat of formation of EG

∆ 𝐻𝑓𝐸𝐺

−460.0

𝑘𝐽/𝑚𝑜𝑙

[179]

The heat of formation of TPA

∆ 𝐻𝑓𝑇𝑃𝐴

−816.3

𝑘𝐽/𝑚𝑜𝑙

[180]

Specific uptake of EG by a microbe

𝑆𝐸𝐺

Changes with time

ℎ−1

Specific uptake of TPA by a microbe

𝑆𝑇𝑃𝐴

Changes with time

ℎ−1

Specific heat capacity of the broth

𝐶𝑝

4.12

𝑘𝐽/𝑘𝑔. 𝐾

The density of the broth

𝜌

1.050

𝑘𝑔/𝐿

The volume of the reactor

𝑉

(5𝐿)

𝐿

Overall heat transfer coefficient

𝑈

1.805

𝑘𝑊/𝑚2 . 𝐾

[181]

[181]
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Table 4.18 (Continued)
Area of heat transfer

𝐴

0.0015

𝑚2

Microbial growth rate

𝑋

Changes with time

𝑔/𝐿

The temperature of the broth

𝑇

Changes with time

𝐾

Jacket’s temperature

𝑇𝑗

Changes with time

𝐾

The temperature of the coolant

𝑇𝐶

The flow of the coolant

𝐹

Controlled variable

𝐿/ℎ

The volume of the jacket

V𝑗

1

𝐿

The density of the coolant

𝜌𝐶

1

𝑘𝑔/𝐿

Specific heat capacity of the coolant

𝐶𝑝𝐶

4.2

𝑘𝐽/𝑘𝑔. 𝐾

The molar mass of the broth

𝑀

82

𝑔/𝑚𝑜𝑙

(5𝐶) = 278.15

𝐾

4.5.7.2. Results of Fermentation Energy Balance
Using a flow rate of 1𝐿/ℎ for cooling water, the following temperature profiles shown in Figure
4.27 are obtained. During the fermentation process, heat is released, and this increases the overall
temperature of the reactor. The reaction is supposed to occur at an optimal temperature due to the nature of
the fermentation media. Extreme temperature conditions are not desirable for microbial growth and hence
the need to control the temperature to the optimal value.

78

Figure 4.27 Fermentation Energy Balance
A jacket with a cooling fluid is normally used to maintain heat in the fermentation vessels. The
cooling fluid temperature is automatic or can be adjusted using a controller. The fermentation process is
sensitive to temperature; hence, maintaining the temperature within a specified range is very important.
The proportional-integral-derivative (PID) controller uses the difference between the output and
the desired value and the integral difference for control. This can be expressed as follows;
𝑦(𝑡) = 𝑃𝛾(𝑡) +

𝑃
∫ 𝛾(𝑡)𝑑𝑡
𝛿𝑖

where, 𝑦(𝑡) output, 𝑃 gain, 𝛾(𝑡) error (𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 − 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒), and 𝛿𝑖 is the reset time. The set
temperature of 333.15K is the desired temperature to be maintained during the process over more than 50
hours.
The temperature profiles of the reactor and the jacket are demonstrated in Figure 4.28. In the first
5 hours, the temperature is changing slowly. As the fermentation rate increases, more energy is released,
and the temperature increases, the cooling water flow increases to maintain the temperature at the desired
levels.
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Figure 4.28 The Temperature of the Reactor and Jacket
The PID controls the flow rate of the cooling fluid. Figure 4.29 indicates that as more heat is
released during fermentation, the cooling water flow rate also increases to maintain the desired temperature
range.

Figure 4.29 Cooling Water Flow Rate
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Chapter 5: Process Simulation and Economic Analysis in Aspen Plus
In this chapter, the dynamic batch kinetic modeling results are fitted into the inbuilt power-law
model in Aspen Plus to simulate the bioprocess. Once the simulation and modeling of the process are done,
the unit prices of all raw materials and products are entered into the software to perform economic analysis.
Economic analysis and sensitivity analysis of results are discussed in this topic.
5.1. Models Used in Bioprocess Simulation
The kinetics that represents fermentation do align with reaction models that are build in process
simulators. For example, in Aspen Plus V11, only Langmuir-Hinshelwood-Hougen-Watson and the powerlaw model exist.
Fermentation uses complex microorganisms, enzymes with various pathways, and varied
enzymatic substrate mechanisms, inhibitions, etc. Hence, it isn't easy to have a built-in kinetic model that
can simulate any form of rate kinetic.
Empirical and mechanistic models are used in simulations. In empirical models, the underlying
process details are not considered. These models are most of the time only accurate with a range of
conditions used to formulate them. Conversely, mechanistic models are more robust and contain the process
details and inner mechanisms describing it. This makes the predictions more accurate [182].
Traditionally, bioprocesses have used the Monod model (empirical model) to express microbial
growth kinetics rates. In contrast, mechanistic models have been used to model physical processes like heat
transfer, etc.[183].
When ideal conditions are considered in bioprocess, mechanistic models can be grouped depending
on the population of the cells. These can be structured, segregated, unstructured, and unsegregated models.
Unstructured models consider a cell as a one-component, while structured models represent cellular
behavior by considering a cell as made up of different components. Unsegregated models consider a cell
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population with an average cellular behavior, while a segregated model represents an individual cell that
makes a population with an average cell characteristic [183], [184].
5.2. Modeling Fermentation in Aspen Plus
Generally, microbes consume nutrients and release biomass, energy, and other metabolic products
subject to controlled conditions during the bioprocess, as demonstrated in this scheme.
𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒(𝑠) + 𝑀𝑖𝑐𝑟𝑜𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚 → 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 + 𝐸𝑥𝑡𝑟𝑎𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑟 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 [185]
Decoupled time-dependence steady-state simulation has traditionally been to simulate the batch
fermentation and in situ product recovery by gas stripping, especially in acetone, butanol, and ethanol
fermentation. [186]–[188]. In this type of simulation, fermentation is described by a steady-state reactor.
Additionally, separation of the products, e.g., gas stripping, is done with an equilibrium-based
separator (flash unit). Fermentation processes are time-dependent, and steady-state fermentation may not
adequately represent reality. In order to model fermentation in Aspen Plus, models obtained during
unsteady-state simulation are fitted to the inbuilt power-law.
In Aspen Plus V11, typical fermentation species such as biomass and enzymes are non-databank
components. The typical ODEs describing fermentation processes do not conform to the form of the inbuilt power-law rate-based kinetic model in Aspen Plus V11.
Aspen Plus V11, for example, can only handle single-objective optimization and not the typical
multi-objective optimization problem that a fermentation-based biorefinery presents.
Table 5.1 Steady-State Process Simulator
Process

Fermentation components in

simulator

the database

Aspen Plus

It does not have a databank for

Power Law Model:

Only single

V11

microbes such as yeast),

𝑟 = 𝑘0 𝑇 𝑛 𝑒 −𝐸/𝑅𝑇) 𝜋(𝐶𝑖 )𝜗𝑖

objective

biomass, etc.

Built-in rate-based kinetics

Optimization tools
available

optimization
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Table 5.1 (Continued)
Fermentation

No databank: Microorganisms

Typical ODEs describing

Both single and

simulation

such as yeast and cells

batch fermentation do not

multi-objective

conform to the built-in rate

optimizations

challenges

kinetics.

Figure 5.1 shows some properties of steady-state process simulators. In the power-law model, r is
the rate of reaction, 𝑘0 represents pre-exponential factor T, is temperature n, is temperature exponent E, is
the activation energy R, is universal gas law constant ϑ, is concentration exponent I, is a component index
π, is the product operator C, is the component concentration.
5.3. Introduction to Aspen Plus V11 Modeling of Bioprocess
Aspen Plus is a major process engineering simulator with capabilities of process modeling and
simulation. Additionally, it allows users to design, size, and perform an economic analysis of a process. To
model in Aspen, the user must enter all chemical compounds' names and analyze their thermophysical
properties.
5.3.1. Components Specifications in Aspen Plus V11
There are various types of compounds in the Aspen Plus Database. These include solids, polymers,
conventional ( in the software’s database) and nonconventional ( not in the software’s database),pseudocompounds, etc. In the case of this simulation, conventional compounds and solid will be used. The solid
type will be applied to PET, biomass, and enzymes, while the rest of the compounds found in the Aspen
Plus database are simulated as the conventional type.
5.3.2. Thermodynamic Model Selection
Aspen Plus contains different activity, coefficient models. One of the most used is the NRTL, which
can be applied to polar mixtures. Wilson, UNIFAC, Van Lar, Electrolyte NRTL, UNIQUAC, Flory
Huggins, and Scatchar Hildebrand are others. In these models, liquid properties are calculated using the
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activity coefficient approach, while the equation of state is used in calculating vapor phase properties. The
compounds involved in modeling PET degradation are polar; hence the NTRL will be used as the base
method.
The process simulation is organized in five hierarchies, representing the five major processes:
pretreatment, enzyme production, enzyme hydrolysis, fermentation, and separation.
5.4. Modeling of Pretreatment of PET Plastic in Aspen Plus
In Aspen Plus, particle size reduction can be modeled using crushers. It is assumed that PET, the
initial size PET before shredding, is 400 mm.
The diagram in Figure 5.1 below represents the particle size distribution curve of PET-based on
mass density distribution and the cumulative mass fraction, as shown in Figure 5.2.

Figure 5.1 The Curve for Particle Size Distribution for PET
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Figure 5.2 Cumulative Mass Fraction vs. Particle Size
Table 5.2 shows the summary of results of pretreatment of PET. The polymer size is reduced from
400 mm to 5 mm through shredding.
Table 5.2 PET Shredding Results
Parameter

Size (mm)

Power (kW)

Crusher 1 cut size

43.0759311

0.126077

Crusher 2 cut size

9.43443566

0.355649136

Crusher 3 cut size

4.96534549

2.45047436
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5.5. Modeling of Enzyme Production in Aspen Plus
The enzyme production reactor is modeled as 𝑅𝑡𝑜𝑖𝑐 reactor in Aspen Plus. The reaction
temperature is set at 390 𝐶, which is the optimum temperature for the production of extracellular
Thermobifida fusca hydrolase (𝑇𝑓𝐻) [154], a hydrolase similar to Thermobifida fusca (TfCut2).
Table 5.3 Growth of Thermobifida fusca, Substrate use, and Production of Hydrolase.
𝑟𝑐𝑒𝑙𝑙𝑠 =

𝑑𝑋
𝑋
= 𝜇𝑚 𝑋 (1 −
)
𝑑𝑡
𝑋𝑚

𝑟𝑔𝑙𝑢𝑐𝑜𝑠𝑒 = −

𝑟𝑇𝑓𝐶𝑢𝑡2 =

𝑑𝑆
𝑑𝑋
= 𝛿𝑋 + 𝜎
𝑑𝑡
𝑑𝑡

𝑑𝑃
𝑋
= 𝛽𝑋 + 𝛼𝜇𝑚 𝑋 (1 −
)
𝑑𝑡
𝑋𝑚

Glucose and TPA are considered the main substrates. TPA is produced during hydrolysis of PET,
and part of it is used as a feedstock in enzyme production. The stoichiometric reactions in Table 5.4 are
used in steady-state modeling in Aspen Plus. Stoichiometric balances for the fermentation process are
explained in Appendix B.
Table 5.4 Reaction Stoichiometry for the Formation of Hydrolase as used in Aspen Plus
Molar stoichiometry
𝐶6 𝐻12 𝑂6 + 3.76𝑂2 + 0.64𝑁𝐻3

= 0.32 𝐸𝑛𝑧𝑦𝑚𝑒 + 4.08𝐶𝑂2 + 4.72𝐻2 𝑂

𝑇𝑃𝐴 + 3.769 𝑂2 + 1.067 𝑁𝐻3 = 0.533 𝐸𝑛𝑧𝑦𝑚𝑒 + 4.802 𝐶𝑂2 + 0.8695 𝐻2𝑂

conversion
0.9
0.5

5.6. Modeling of Hydrolysis in Aspen Plus
Hydrolysis of PET takes place at high temperatures. Higher temperatures favor PET polymer chain
breakdown allowing for higher surface area for enzymatic interaction with the molecules, leading to
increased hydrolytic activity. Dynamic kinetic analysis of PET hydrolysis in Matlab indicates that the
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conversion of PET into its monomers (TPA and EG) is 98%. The non-steady-state kinetic rate models
couple Langmuir and Michaelis-Menten type models are shown in Table 5.5. The rate models for TPA and
EG are done using Michaelis-Menten only, as shown in Table 5.5 below.
Table 5.5 Rate Models for Hydrolysis of PET, BHET, and MHET
𝑟𝑃𝐸𝑇 =

𝑟𝐵𝐻𝐸𝑇

𝑑[𝑃𝐸𝑇]
𝐾𝑥 [𝐸𝑇 ]/𝑀𝐸 [𝑆]
= −𝑘
𝑑𝑡
𝐾𝑥 [𝑆] + 𝐾𝑀𝐻𝐸𝑇 [𝑀𝐻𝐸𝑇] + 𝐾𝐵𝐻𝐸𝑇 [𝐵𝐻𝐸𝑇] + 1

𝑑[𝐵𝐻𝐸𝑇]
𝐾𝑥 [𝐸𝑇 ]/𝑀𝐸 [𝑆]
= 0.25𝑘
−
𝑑𝑡
𝐾𝑥 [𝑆] + 𝐾𝑦 [𝑃] + 1

𝑟𝑀𝐻𝐸𝑇 =
= 0.75𝑘

−

𝐾𝑥 [𝐸𝑇 ]/𝑀𝐸 [S]
+
𝐾𝑥 [S] + 𝐾𝑦 [P] + 1

𝑑[𝑀𝐻𝐸𝑇]
𝑑𝑡

𝑘𝑐𝑎𝑡𝐵𝐻𝐸𝑇 [𝐸𝑇 ]/𝑀𝐸 [𝐵𝐻𝐸𝑇]
[𝑀𝐻𝐸𝑇]
[𝐵𝐻𝐸𝑇] + 𝐾𝑀 (1 + 𝐾
)
𝐼

𝑘𝑐𝑎𝑡𝑀𝐻𝐸𝑇 [𝐸𝑇 ]/𝑀𝐸 [𝑀𝐻𝐸𝑇]
[𝑇𝑃𝐴]
[𝑀𝐻𝐸𝑇] + 𝐾𝑀 (1 +
𝐾𝐼 )

𝑟𝑃𝑇𝐴

𝑟𝐸𝐺 =

𝑘𝑐𝑎𝑡 [𝐸𝑇 ]/𝑀𝐸 [𝐵𝐻𝐸𝑇]
[𝑀𝐻𝐸𝑇]
[𝐵𝐻𝐸𝑇] + 𝐾𝑀 (1 + 𝐾
)
𝐼

𝑑[𝐸𝐺] 10
=
𝑑𝑡
14

𝑑[𝑇𝑃𝐴] 15
=
𝑑𝑡
14

𝑘𝑐𝑎𝑡 [𝐸𝑇 ]/𝑀𝐸 [𝑀𝐻𝐸𝑇]
[𝑇𝑃𝐴]
[𝑀𝐻𝐸𝑇] + 𝐾𝑀 (1 + 𝐾 )
𝐼

𝑘𝑐𝑎𝑡 [𝐸𝑇 ]/𝑀𝐸 [𝑀𝐻𝐸𝑇]
𝑘𝑐𝑎𝑡 [𝐸𝑇 ]/𝑀𝐸 [𝐵𝐻𝐸𝑇]
+
[𝑇𝑃𝐴]
[𝑀𝐻𝐸𝑇]
[𝑀𝐻𝐸𝑇] + 𝐾𝑀 (1 + 𝐾 ) [𝐵𝐻𝐸𝑇] + 𝐾𝑀 (1 + 𝐾
)
𝐼
𝐼

The reaction scheme shown in Table 5.6 is used to model hydrolysis in Aspen Plus, using the Rstoic
reactor model. All the EG formed is used as feedstock in fermentation, but a fraction of TPA will be diverted
to enzyme production to be used as substrate. The conversion of PET into TPA and EG used in the
stoichiometric reactor in Aspen Plus is 98%, obtained from the dynamic simulation in Matlab.
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Table 5.6 Stoichiometry of PET Hydrolysis as Aspen Plus Modeling
PET hydrolysis reaction scheme
𝑃𝐸𝑇 + 𝐻2𝑂 = 𝑀𝐻𝐸𝑇
2𝑃𝐸𝑇 + 2𝐻2𝑂 = 𝐵𝐻𝐸𝑇 + 𝑇𝑃𝐴
𝐵𝐻𝐸𝑇 + 𝐻2𝑂 = 𝑀𝐻𝐸𝑇 + 𝐸𝐺
𝑀𝐻𝐸𝑇 + 𝐻2𝑂 = 𝐸𝐺 + 𝑇𝑃𝐴
𝑃𝐸𝑇 + 2𝐻2𝑂 = 𝑇𝑃𝐴 + 𝐸𝐺

5.6.1. Hydrolysis Modeling in a Batch Reactor Using Power-Law Kinetics
Hydrolysis was first modeled using the RSTOICH reactor in Aspen, where the conversion of the
reaction used was 98% derived from dynamic Matlab simulation. But RSTOICH is not a rigorous model
for kinetics reaction; hence an RBATCH reactor, a more rigorous model, was used, and the results
compared to that of RSTOICH. Kinetic parameters and reactions used as shown in Table 5.7.
Table 5.7 Kinetic Data used in BATCH Modeling
PET hydrolysis reaction scheme

Rate constant (𝒔−𝟏 )

𝑃𝐸𝑇 + 𝐻2𝑂 = 𝑀𝐻𝐸𝑇

2.46

2𝑃𝐸𝑇 + 2𝐻2𝑂 = 𝐵𝐻𝐸𝑇 + 𝑇𝑃𝐴

2.46

𝐵𝐻𝐸𝑇 + 𝐻2𝑂 = 𝑀𝐻𝐸𝑇 + 𝐸𝐺

26.76

𝑀𝐻𝐸𝑇 + 𝐻2𝑂 = 𝐸𝐺 + 𝑇𝑃𝐴

0.31

The inbuilt Aspen Plus power-law model is;
𝑟 = 𝑘0 𝑇 𝑛 𝑒 (−𝐸/𝑅𝑇) 𝛱(𝐶𝑖 )𝜗𝑖
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but the reaction can be assumed to be isothermal; therefore, some assumptions can be made to simplify the
model; When n is zero,
𝑟 = 𝑘0 𝑒 (−𝐸/𝑅𝑇) 𝛱(𝐶𝑖 )𝜗𝑖
where 𝑘0 represents the pre-exponential factor, and ϑ is the concentration exponent. But, the rate constant
(𝑘) can be calculated as follows;
𝑘 = 𝑘0 𝑒 (−𝐸/𝑅𝑇)
where 𝑘 values for the reactions are known, 𝑅𝑇 values are also known but 𝐸 and 𝑘0 are unknown. Because
the reaction is isothermal, 𝑘0 values can be calculated by assuming an 𝐸 value. Once this is done, the
𝐸 value can be calculated using non-linear regression of concentration versus time data.
Table 5.8 The Results for both Rstoich and Rbatch
RSTOICH

BATCH

Unit

EG

672.51

EG

673.241

kg/h

TPA

1821.8

TPA

1801.9

kg/h

H2O

592.06

H2O

459.303

kg/h

PET

0.42

PET

0

kg/h

5.7. Modeling of TPA and EG Fermentation in Aspen Plus
Fermentation of TPA and EG leads to the production of acetone, as discussed in the previous
chapters. The non-steady-state kinetic models are shown in Table 5.9.
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Table 5.9 Dynamics Fermentation Models
𝑟𝐶𝑒𝑙𝑙𝑠 =

𝑟𝐸𝐺 =

𝑑𝑋
𝜇𝑚𝑎𝑥1 𝑆1
𝜇𝑚𝑎𝑥2 𝑆2
= 𝜕1 (
) 𝑋 + 𝜕2 (
)𝑋
𝑑𝑡
𝐾𝑆1 + 𝑆1
𝐾𝑆2 + 𝑆2
𝑑𝑆1
1 𝜇𝑚𝑎𝑥1 𝑆1
= −{𝜕1 [
(
) + 𝑚1 ] 𝑋}
𝑑𝑡
𝑌1𝑋 𝐾𝑆1 + 𝑆1
𝑆

𝑟𝑇𝑃𝐴 =

𝑑𝑆2
1 𝜇𝑚𝑎𝑥2 𝑆2
= − {(1 − 𝜕1 ) [
(
) + 𝑚2 ] 𝑋}
𝑑𝑡
𝑌2𝑋 𝐾𝑆2 + 𝑆2
𝑆

𝑟𝑎𝑐𝑒𝑡𝑜𝑛𝑒

𝑌1𝑃
𝑌2𝑃
𝑑𝑃
𝜇𝑚𝑎𝑥1 𝑆1
𝜇𝑚𝑎𝑥2 𝑆2
𝑆
𝑆
=
= [𝜕1 (
(
) + 𝑚1 ) + (1 − 𝜕1 )
(
) + 𝑚2 ]𝑋
𝑑𝑡
𝑌1𝑋 𝐾𝑆1 + 𝑆1
𝑌2𝑋 𝐾𝑆2 + 𝑆2
𝑆

𝑆

The reaction scheme used in fermentation modeling in Aspen Plus is represented below in Table
5.10. The stoichiometric coefficients are calculated using the yield value obtained from non-steady-state
modeling.
Table 5.10 Fermentation Stoichiometry used in Aspen Plus
Reaction scheme

Conversion

𝐸𝐺 + 1.8 𝑂2 + 0.2 𝑁𝐻3 = 0.1 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 + 1.4 𝐶𝑂2 + 2.6 𝐻20

0.5

𝑇𝑃𝐴 + 1.125 𝐻2𝑂 + 2 𝑂2 = 1.375 𝐴𝑐𝑒𝑡𝑜𝑛𝑒 + 4 𝐶𝑂2

0.56

𝐸𝐺 + 𝑇𝑃𝐴 + 2 𝑂2 = 2 𝐴𝑐𝑒𝑡𝑜𝑛𝑒 + 4𝐶𝑂2

0.45

Acetone produced must be separated from the fermentation system. In the dynamic study in Matlab,
vacuum extraction and gas stripping have been proposed. Due to the acetone volatile nature coupled with
the operation temperature, either of these two methods is deemed suitable for acetone extraction.
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5.8. Modeling of Separation in Aspen Plus
The fermentation media is complex and messy. Additionally, acetone is fermented at a temperature
around its boiling point. For these reasons, an in-situ gas stripping or vacuum extraction is proposed to
separate Acetone from the media. This has been demonstrated possible in dynamic Matlab simulations.
In Aspen Plus, separation is modeled using an absorption tower, where the acetone is absorbed in
water from the mixture of gases. It is later stripped from water and collected for storage. The comprehensive
process flow diagram in Figure 5.3 shows the material balances and reaction conditions. The general flow
diagram of the entire process and the subsections are found in Appendix C. The stream results are found in
Appendix D.

Figure 5.3 PET Bio-upcycling Process Flow Diagram
5.9. Economic Analysis
The process economic analysis begins with a conceptual process design, leading to detailed flow
diagrams based on real data, material, and energy balances, which is done using Aspen Plus, capital, and
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cost estimation of the process ASPEN ECONOMIC ANALYZER and ASPEN CAPITAL COST
ANALYZER. All these tools together lead to calculations of CAPEX and OPEX for the bioprocess. ASPEN
ECONOMIC ANALYZER V11 comes with plant cost index and labor indexes for 2018. Raw material unit
prices are obtained from the literature [178] and are shown in Table 5.12. CAPEX is calculated based on
material and energy balance, rigorous equipment design done with information from cellulosic ethanol
NREL report 2018 [178].
The primary raw material in the process is PET, which is sold in bales and priced at 0.1029 $/lb,
according to the National Association of PET Container Resources (NAPCOR). The financial assumptions
in Table 5.11 were used to calculate the discounted cash flow rate of return analysis.
Table 5.11 Economic Assumptions
Parameters

Assumptions

References

Basis year of analysis

2018

Operation life of the plant

30

[178]

Corporate tax rate

30%

[178]

Interest rate (desired rate of return)

20%

[178]

Salvage value of the plant

0%

[178]

Construction period

3 years

[178]

Fixed capital expenditure schedule

8% 1st year,60% 2nd year, 32% 3rd year

[178]

Startup time

26 weeks

[178]

Working capital

5% of fixed capital

[189] [178]

Additional piping

5% of inside battery limits (ISBL)

[178]
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Table 5.11 (Continued)
Land purchase

100 acres at $14,000 per acre

[178]

Warehouse

5% of ISBL

[189]

Indirect cost

[178]

Office and construction fee

10%

Field expenses

10%

Project contingency

10%

Startup and permits

10%

[178]

Fixed operating cost
Totals salaries

75

Benefits

90% of total salaries

Maintenance

3% of ISBL

Insurance and taxes

0.7% of fixed capital

The unit prices of feedstock and other process materials have been shortlisted in the table. This
information, together with process utilities and the economic assumptions above, is used in Aspen
Economic Analyzer.
Additionally, rigorous equipment sizing is done to estimate the CAPEX of the process. Aspen
Economic Analyzer is a powerful tool that can generate cash flow, CAPEX, OPEX, and other chemical
plants' economic indicators.
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Table 5.12 Feedstock, Utility, and Product Cost
Raw Material

Unit Price

Unit

Sources

Corn oil

0.6489

$/𝑙𝑏.

SRI CEH

Corn steep liquor

0.0341

$/lb.

ICIS.com/Corn Products via HGI

Glucose

0.3487

$/lb.

USDA

Ammonia

0.3000

$/lb.

Terra Industries via HGI

Enzyme nutrient

0.4934

$/lb.

SRI CEH

Fresh water

Peters & Timmerhaus
0.0002

$/lb.

PET

0.1029

$/lb.

NAPCOR report 2017

Electricity

0.075

$/kWh

Aspen Plus database

Acetone

0.3450

$/lb.

[190]

PTA

0.5088

$/lb

ICIS.com

The capital cost of equipment is obtained from the literature [178], [191]–[193], and Aspen Plus
Economic Evaluator. Table 5.13 shows a summary of capital investment. The capital cost of equipment is
based on the 2018 pricing index. The total installed cost is 7.3 𝑀𝑀$, the fixed capital investment is 13.7
𝑀𝑀$ and the total capital investment is 15.7 𝑀𝑀$ . The production capacity of the plant is 2.16 million
gallons of acetone per year.
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5.9.1. Results of Economic Analysis
Table 5.13 Capital Investments for Plant’s Capacity of 2.2 MMG of Acetone Annually
Capital Cost (2018$)

Installed Cost

Pretreatment

$ 572,616

Simultaneous hydrolysis and co-fermentation

$ 4,095,358

On-site Enzyme Production

$ 1,142,479

Separation

$ 690,422

Utilities

$ 307,659

Storage

$ 531,650

Total installed Equipment cost

$ 7,340,184

ISBL Total

$ 7,032,525

Warehouse

$ 281,301

Site Development

$ 632,927

Additional piping

$ 316,463

Total direct cost (TDC)

$ 8,570,876

Prorateable Expenses

10.0%

of TDC

$ 857,087

Field Expenses

10.0%

of TDC

$ 857,087

Home Office & Construction

20.0%

of TDC

$ 1,714,175

Project contingency

10.0%

of TDC

$ 857,087

Other cost

10.0%

of TDC

$ 857,087

Total Indirect Cost (TIC)

$ 5,142,525

Fixed Capital Investment (FCI)

$ 13,713,402

Working Capital

5.0%

of FCI

$ 685,670

Land

90 acres

$14000/acre

$ 1,260,000

Total Capital Investment (TCI)

$ 15,659,072
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Figure 5.4 Pie-chart of the Installed Capital Cost
The installed capital cost of each process unit is shown in Figure 5.4. The largest contributor to the
installed cost of equipment is simultaneous hydrolysis and co-fermentation, which takes up to 56% of the
total cost. Even though hydrolysis and fermentation are considered simultaneous, the costing is done
separately. Separation is modeled as absorption columns in Aspen Plus, representing a gas stripping process
in the design. Pretreatment involved size reduction by shredding.

Figure 5.5 Bar Graph of the Installed Capital Cost
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The bar graph in Figure 5.5 of installed cost with simultaneous hydrolysis and co-fermentation
being 4.1𝑀𝑀$, enzyme production 1.14𝑀𝑀$, and separation 0.7𝑀𝑀$. The total operating cost is
8.7𝑀𝑀$/𝑦𝑒𝑎𝑟, with the main contributor being the PET cost, which is $4𝑀𝑀/𝑦𝑒𝑎𝑟 as shown in Table
5.14. The cost of the PET is $0.1029/𝑙𝑏.
Table 5.14 Operating Cost for the Annual Production of Acetone
Manufacturing cost

MM$/year

Variable operating cost-raw materials
Pretreatment

PET

$ 4.017

Water

$ 0.006

Enzyme

N/A

TPA

N/A

Glucose

$ 0.588

Ammonia

$ 0.067

Corn steep liquor

$ 0.010

Corn oil

$ 0.018

Water

$ 0.096

Nutrient

$ 0.311

Ammonia

$ 0.587

Corn steep liquor

$ 0.020

Corn oil

$ 0.027

Nutrient

$ 0.311

Grid Electricity

$0.280

Hydrolysis

Enzyme production

Fermentation
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Table 5.14 (Continued)
Total variable operating cost

$ 5.484

Fixed operating cost
Salaries

$ 1.636
Labor burden

$ 1.472

Facility maintenance

$ 0.211

Property insurance and tax

$ 0.096

Total fixed operating cost

$ 3.415

Total operating cost

$ 8.899

The operating cost summary represented in Figure 5.6 shows the cost of PET, the fixed operating
cost, and other feedstock costs in the process.

Figure 5.6 Operating Cost
PET cost is the highest of all feedstock costs. The PET cost is 0.1029 $/𝑙𝑏𝑠, and the plant's
production capacity of 2.2 million gallons of acetone per year.
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Figure 5.7 Pie-chart of Investment Analysis summary
The investment analysis summary shows that CAPEX contributes 52% (15.7MM$), while OPEX
is 30% (8.9MM$). The cost of raw material and utilities contribute to 17% and 1 %, respectfully. The piechart in Figure 5.7 represents the percent value, while the bar graph in Figure 5.8 represents the amount in
US dollars of the investment summary.

Figure 5.8 Bar Graph of Investment Analysis summary
The primary cost driver in the process is capital expenditure (CAPEX). A sensitivity analysis is
done on CAPEX to find out the major cost drivers. Table 5.15 shows the parameters and their variations
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Table 5.15 CAPEX Sensitivity Analysis Parameter
Process Parameter

Base Value

Value Change

% Change

Fermentation time (hours)

50

20 -100

-60 and 100

Hydrolysis time (hours)

50

5-70

-90 and 40

Enzyme loading (mg/g)

10

5-20

-50 and 100

Cost of enzyme production (MM$)

1.12

0.2-2.2

-82 and 93

Cost of SiHcF (MM$)

4.5

2-8

-51 and 95

Cost of separation (MM$)

0.7

0.4-1.2

-42 and 74

PET hydrolysis reaction rate (𝑠 −1 )

2.45

1.5-5

-39 and 104

Volume of fermenter (𝑚3 )

433

100-800

-77 and 85

Enzyme titer at harvest (g/L)

50

20-100

-60 and 100

Fermentation productivity(g/l/h)

0.26

0.15-5

-44 and 112
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5.9.2. Results of CAPEX Sensitivity Analysis

Figure 5.9 Tornado Plot of Sensitivity Analysis of CAPEX

Figure 5 9 above shows that the major CAPEX drivers are simultaneous hydrolysis and cofermentation, cost of enzyme production, productivity, and hydrolysis reaction time. The singlepoint sensitivity analysis plot in Figure 5.10 shows the relationship between CAPEX and the different
parameters. For example, the capital cost of SiHcF is directly proportional to CAPEX, while productivity
is inversely proportional to CAPEX.
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Figure 5.10 Single Point Sensitivity Analysis of CAPEX
A sensitivity analysis is performed on the same process to understand the cost drivers of the
bioprocess (SiHCF), The parameters considered here include productivity, fermentation, and hydrolysis
time. Table 5.16 shows the values and the percentage change.
Table 5.16 SiHCF Sensitivity Analysis Parameter
Process Parameter

Base Value

Value Change

% Change

Fermentation time (ℎ𝑜𝑢𝑟𝑠)

50

30-120

-40 and 60

Hydrolysis time (ℎ𝑜𝑢𝑟𝑠)

50

10-80

-80 and 60

Productivity (𝑔/𝑙/ℎ)

0.26

0.1-6

-62 and 2208
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Results indicate that the faster the hydrolysis reaction rate, the lower the cost. Increasing the
hydrolysis reaction rate would mean using more efficient enzymes and optimal operating conditions.
Another critical factor is fermentation productivity, which, when raised from 0.26𝑔/𝑙/ℎ to 6𝑔/𝑙/ℎ
shows a significant decrease in CAPEX.

Figure 5.11 Tornado Plot of SiHCF Sensitivity Analysis
5.9.3. The Discounted Cash Flow Rate Analysis
The discounted cash flow analysis was done with a fixed IRR at 10% over a plant life of 30 years,
based on [194]. The equity was assumed to be 40%, and the loan terms were 8% interest for ten years. The
principal was taken in steps over three years of construction. The loan interest is paid during this period;
however, it is assumed that the principal is not paid back [195].
The proposed acetone plant capacity is 2.2 million gallons per year, and the selling price of acetone
is 0.344 $/lbs. The discounted cash flow analysis is performed using the economic assumptions in Table
5.11 to determine this venture's profitability. Results show that the venture is unprofitable. To make a profit
under these conditions, the selling price of acetone would have to be 0.7021$/lb.
To understand the factor that affects the process's profitability, a sensitivity analysis is performed
on various parameters within the process.
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Table 5.17 SiHCF Sensitivity for Selling Price
Parameter

Base Value

Value Change

CAPEX (𝑀𝑀$)

16.20

6-77

Carbon yield (%)

46

34-91

Ferementation productivity (𝑔/𝑙/ℎ)

0.26

0.05-6

Cost of PET ($/𝑙𝑏𝑠)

0.1029

0.05-0.25

IRR(%)

10

0-20

Fixed capital investment (𝑀𝑀$)

14.23

4.5-59

Enzyme titer at harvest (𝑔/𝑙)

50

10-100

Enzyme loading(𝑚𝑔/𝑔)

10

5-50

The hydrolysis reaction rate (𝑠 −1 )

2.45

0.245-10

These results in Figure 5.12 below indicate that carbon yield is one of the most important
parameters in the process. At a carbon yield of 91%, the venture would make a profit. The cost of PET is
also another important parameter. Acquiring PET at prices below 10 cents/lb would significantly improve
profitability.
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The third parameter is the CAPEX. Reducing CAPEX will also favor the process. The internal rate
of return (IRR) was set at 10%. Results indicate that lowering these values would also improve the
profitability of the process.

Base Price
$ 0.7021 to make profit (SP = 0.3440)

Yield (46%) 91

34

IRR(10 %)

0

Cost of PET (0.1026 $/lbs)

0.05

FCI (14.29 MM$)
Enzyme loading (10 mg/g)
Hydrolysis reaction rate (2.45s^-1)

20
0.25

4.5

59

5

50

10 0.245

Enzyme Titer at harvest (50 g/l)

100

Fermentation productivity (0.26 g/l/h)

6

CAPEX (15.70 MM$)

10
0.05

6

0.27 0.47 0.67 0.87 1.07
Selling Price of Acetone ($/lbs)

77
1.27

Figure 5.12 Tornado Plot for Sensitivity Analysis of Selling Price
5.9.4. Maximum Theoretical Yield
The carbon analysis performed showed that the maximum theoretical yield obtained on acetone is
75%. Results indicate that a carbon yield that makes the process profitable is 91%. A sensitivity analysis is
done to determine the profitability of the process at 75% yield.
Sensitivity analysis results show that if the yield is 75%, then acetone's minimum selling price
would be 0.42 cents per pound for the venture to be profitable. Based on acetone's current market value,
which is 0.35 cents per pound, the process would not be profitable at a 75% yield. In this case, a
recommendation would be to find a different product that can achieve a carbon yield of 91% or higher.
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Base Price
$ 0.7021 to make profit (SP = 0.3440)
Yield (46%)

75

34

IRR(10 %)
Cost of PET (0.1026 $/lbs)
FCI (14.29 MM$)
Enzyme loading (10 mg/g)

0

20

0.05

0.25

4.5

59
5

50
10 0.245

Hydrolysis reaction rate (2.45s^-1)
Enzyme Titer at harvest (50 g/l)

100

10

Fermentation productivity (0.26 g/l/h)

5

0.05

CAPEX (15.70 MM$)
0.27

6

70

0.47 0.67 0.87 1.07 1.27
Selling Price of Acetone ($/lbs)

Figure 5.13 Tornado Plot for Sensitivity Analysis of Selling Price at Yield 75%
5.10. CAPEX Capacity Curves

Figure 5.14 CAPEX/tons vs. Capacity of Proposed PET Plant
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The CAPEX capacity curve shown in Figure 5.14 above demonstrates the relationship between
CAPEX and the PET plant capacity and is meant to analyze the economies of scale. An economically
suitable curve would be the one with a lower green point.
At current conditions, the green point does not allow the venture to make a profit. Therefore, the
idea is to determine the major parameters that can be manipulated to lower the green point. This would
make the venture make a profit. Sensitivity analysis on CAPEX has shown that reducing the capital cost of
SiHcF, reducing the hydrolysis reaction time, increasing fermentation productivity, etc., can lower the
CAPEX.
When fermentation productivity is increased from 0.26 𝑔/𝑙/ℎ to 6 𝑔/𝑙/ℎ, and hydrolysis reaction
rate constant is increased from 2.45 𝑠 −1 to 245 𝑠 −1 , the curve marked by orange dots is obtained from the
CAPEX capacity curves. The curve shifts downwards, as shown in Figure 5.15.

Figure 5.15 CAPEX/tons vs. Capacity of Proposed PET Plant

107

The blue dots on Figure 5.16 show the capital cost of investment per capacity of acetone plant
under different capacities of production. In order to analyze the economies of scale, carbon yield was
increased from 46% to 91%.
Results showed a significant reduction in capital investment per capacity value from 7𝑀𝑀$/𝑀𝑀𝐺
to 3𝑀𝑀$/𝑀𝑀𝐺 as indicated by the yellow dots in Figure 5.16 below. This indicates that increasing carbon
yield to 91% will significantly impact the venture's profitability. Carbon yield was found to be the most
important parameter affecting the profitability of the process.

Figure 5.16 Capital Cost Investment (MM$/MMG) vs. Acetone Plant Capacity
The dotted yellow lines are obtained when the carbon yield is 91%, while the blue dotted lines are
profiles obtained when the carbon yield is 46%
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Chapter 6: Conclusions and Recommendation

6.1. Conclusions
Carbon yield is one of the most significant technical parameters in the process. The base carbon
yield for the process is 46%, but a sensitivity analysis shows that a higher carbon yield of up to 91% would
make the process profitable. Secondly, the cost of PET also has a significant effect on the process
economics.
Economic analysis has been performed at PET costing 0.1029 $/𝑙𝑏. Sensitivity analysis shows that
if PET cost is reduced to 8 𝑐𝑒𝑛𝑡/𝑙𝑏, this will improve the process's profitability. Thirdly, increasing
fermentation productivity from 0.26𝑔/𝑙/ℎ to a value of 3.0 𝑔/𝑙/ℎ or higher could significantly improve
the profitability of the process.

Figure 6.1 Tornado Plots Sensitivity Analysis for Selling Price at 500 tons/day Plant.
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Additionally, at the current plant capacity, which is 50 𝑡𝑜𝑛𝑠/𝑑𝑎𝑦, the process would not be
profitable. In this study, it is found that increasing the plant capacity from 50 𝑡𝑜𝑛𝑠/𝑑𝑎𝑦 to 500 𝑡𝑜𝑛𝑠/𝑑𝑎𝑦
would make the process profitable. At the capacity of 500 𝑡𝑜𝑛𝑠/𝑑𝑎𝑦, the minimum selling price of acetone
is calculated to be 0.344$/𝑙𝑏, which is the same as the acetone selling price. The sensitivity analysis figure
has been generated using the market price of acetone at 0.345$/𝑙𝑏. At this price, the net present value was
zero.
Finally, simultaneous hydrolysis and co-fermentation are more economically beneficial than
separate hydrolysis and co-fermentation in that the prior leads to lower CAPEX. Other advantages of SiHCF
include improved hydrolysis efficiency due to reduced inhibition, and it's also less time-consuming than
SeHCF. Table 6.1 shows the CAPEX comparison between the two design strategies.
Table 6.1 Comparing CAPEX for SiHCF and SeHCF
Parameter

SiHcF

SeHcF

CAPEX (MM$)

15.67

17.4

6.2. Recommendations and Potential Improvement
The process proposes a volatile organic compound, especially acetone, as the bioprocess product
due to its high value. More studies should be done on how to achieve a higher carbon yield.
This study's scope was limited to PET plastic; however, other types of plastics such as polyethylene
can be considered PET price was found to affect the process’s profitability. A strategic plastic acquisition
and collection method that does not rely upon buying plastic waste from MRF would potentially reduce the
cost.
One recommendation is the use of carbon optimized bioconversion. This concept seeks to reduce
the loss of carbon in the form of carbon dioxide by using pathways that direct biomass flux into products
with minimal carbon loss
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PET hydrolysis products such as EG and TPA are important precursors in chemical industries.
Therefore, some of these products can be separated from the process and sold directly to chemical
companies
A consolidated bioprocess should be considered. This concept is used in the bioconversion of
cellulosic biomass, where the same organism used in fermentation also secretes enzymes for the hydrolysis
process. This has the potential of eliminating enzyme production and therefore reduce CAPEX.
Lastly, the carbon yield analysis showered that the maximum theoretical yield obtained from
acetone is 75%. At this yield, the process is not profitable. Sensitivity analysis has shown that the process
will be profitable with a carbon yield of 91%. Therefore, it is recommended to use another product to
achieve a yield of 91% or higher.
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Appendix A: Abbreviation and Acronyms

PET

Polyethelene Terephthalate

SiHCF

Simultaneous Hydrolysis and Co-fermentation

SeHcF

Separate Hydrolysis and Co-fermentation

TEA

Techno-Economic Analysis

MRF

Municipal Recovery Facilities

IRR

Internal Rate of Return

MHET

Monohydroxyethyl Terephthalate

BHET

Bis(2-Hydroxyethyl) Terephthalate

TPA

Terephthalic Acid

EG

Ethylene Glycol

TfCut2

Thermibifida fusca hydrolase 2

PETase

Polyethelene Terephthalate hydrolase

MHETase

Monohydroxyethyl Terephthalate hydrolase

TfH

Thermobifida fusca Hydrolase

MMG

Million Gallons

CAPEX

Capital Expenditure
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Appendix B: Material Balance for Fermentation

The growth of cell growth will obey the law of conservation of mass; hence, all atoms of carbon,
hydrogen, oxygen, nitrogen, and other elements consumed during growth are incorporated into new cells
or excreted as products. The equation below is used to represent the stoichiometry of cell growth. For this
equation to be complete, the coefficients must be calculated.
𝐶𝑤 𝐻𝑥 𝑂𝑦 𝑁𝑧 + 𝑎𝑂2 + 𝑏𝐻𝑔 𝑂ℎ 𝑁𝑖 = 𝑐𝐶𝐻𝑎 𝑂𝛽 𝑁𝛿 + 𝑑𝐶𝑂2 + 𝑒𝐻2 𝑂
Suppose the formula of the biomass is known or is obtained through empirical analysis. In that
case, it is easy to calculate the coefficients through normal procedures for balancing equations by elemental
balances and using simultaneous equations. However, the formula of the biomass is not known.

Figure B.1 General Cell Mass Balance Concept
The elemental carbon, hydrogen, oxygen, and nitrogen balances can be done as demonstrated in
the formulas below.
The carbon balance formula is 𝑤 = 𝑐 + 𝑑
The hydrogen balance formula is: 𝑥 + 𝑏𝑔 = 𝑐𝛼 + 2𝑒
The oxygen balance formula is:𝑦 + 2𝑎 + 𝑏ℎ = 𝑐𝛽 + 2𝑑 + 𝑒
The nitrogen balance formula is: 𝑧 + 𝑏𝑖 = 𝑐𝛿
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𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑜𝑟𝑦 𝑄𝑢𝑜𝑡𝑖𝑒𝑛𝑡(𝑅𝑄) =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑂2 𝑓𝑜𝑟𝑚𝑒𝑑
𝑑
=
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑂2 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑎

All the coefficients can be calculated by having five equations and five unknowns. Experimental
data is needed, or the formula for biomass is necessary to solve for the stoichiometric coefficients. We also
need to know the value of RQ.
B.1. Mass Balance for Seed Fermenters
Seed Trains operate batch-wise, the substrate is the same as fermenters, uses cold air, and the
reactors are 10% of the next. Air demand is assumed to be 10% of the production aeration rate. In seed train
reactors, assume 85% carbon conversion [178].
For seed fermenters, the assumed stoichiometry is:
𝐶6 𝐻12 𝑂6 + 𝑎𝑂2 + 𝑏𝑁𝐻3

=

𝑐 𝐶6 𝐻14 𝑂2 𝑁2 + 𝑑𝐶𝑂2 + 𝑒𝐻2 𝑂: Glucose

The assumptions made when calculating the stoichiometric coefficients for fermentation are;


Assume the stoichiometric coefficient of the Carbon source to be 1(molar basis) for the biomass.



Proposed carbon sources: Glucose will enable higher enzyme titers, lowering capital cost and utility
demands [178].



TfCut2 is modeled as: 𝐶6 𝐻14 𝑂2 𝑁2 [196] simulated as Lysine, a protein with all the physical
properties in Aspen Plus.



Molecular mass of TFCUT2 = 28kDa (28,000g/mol)[150]



Assume yield of biomass 0.5g enzyme /g from glucose [197]
𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 =
0.5 =

# 𝐶𝑎𝑟𝑏𝑜𝑛 𝑜𝑛 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
# 𝐶𝑎𝑟𝑏𝑜𝑛 𝑜𝑛 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
6∗𝐶
6

Table B.1 Elemental Balances
C

6 = 6c + d

H

12 +3b =14c +2e
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Table B.1 (Continued)
O

6 + 2a = 2c +2d + e

N

b = 2c

The balanced molar stoichiometry for seed fermenters is:
𝐶6 𝐻12 𝑂6 + 2.5𝑂2 + 1𝑁𝐻3

=

0.5TfCut2 + 3𝐶𝑂2 + 4𝐻2 𝑂

The balanced mass stoichiometry for seed fermenters is:
𝐶6 𝐻12 𝑂6 + 80𝑂2 + 17𝑁𝐻3

= 73TfCut2 + 132𝐶𝑂2 + 72𝐻2 𝑂

B.2. Mass Balance for Main Fermenter
The assumed stoichiometry for the main fermenter is;
𝐶6 𝐻12 𝑂6 + 𝑎𝑂2 + 𝑏𝑁𝐻3

= 𝑐𝐶6 𝐻14 𝑂2 𝑁2 + 𝑑𝐶𝑂2 + 𝑒𝐻2 𝑂: Glucose

The main fermenter's biomass yield values can be estimated at a 20% -50% reduction to the batch
yield values [67]. The batch yield values used are 0.4; therefore, the main fermenter yield from glucose as
the substrate would be 0.32.
𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 =

# 𝐶𝑎𝑟𝑏𝑜𝑛 𝑜𝑛 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
# 𝐶𝑎𝑟𝑏𝑜𝑛 𝑜𝑛 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

0.32 =

6∗𝐶
6

The balanced molar stoichiometry for the main fermenter is;
𝐶6 𝐻12 𝑂6 + 3.76𝑂2 + 0.64𝑁𝐻3

=

0.32𝐶6 𝐻14 𝑂2 𝑁2 + 4.08𝐶𝑂2 + 4.72𝐻2 𝑂

The balanced mass stoichiometry for the main fermenter is;
𝐶6 𝐻12 𝑂6 + 116.4𝑂2 + 7.65𝑁𝐻3

= 55.35𝐶6 𝐻14 𝑂2 𝑁2 + 165𝐶𝑂2 + 83.7𝐻2 𝑂
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Figure B.2 Diagram of Decision Making
The assumed stoichiometry for TPA is;
𝐶8 𝐻6 𝑂4 + 𝑎𝑂2 + 𝑏𝑁𝐻3

= 𝑐𝐶6 𝐻14 𝑂2 𝑁2 + 𝑑𝐶𝑂2 + 𝑒𝐻2 𝑂

where the assumed yield of the biomass from TPA is 0.3
0.3 =

6∗𝐶
8

Therefore the balanced molar stoichiometry for TPA is;
𝐶8 𝐻6 𝑂4 + 3.769𝑂2 + 1.067𝑁𝐻3

= 0.533 𝐶6 𝐻14 𝑂2 𝑁2 + 4.802𝐶𝑂2 + 0.869𝐻2 𝑂

The balanced mass stoichiometry for TPA is;
𝐶8 𝐻6 𝑂4 + 120.608𝑂2 + 18.139𝑁𝐻3

= 77.818 𝐶6 𝐻14 𝑂2 𝑁2 + 21.288𝐶𝑂2 + 15.651𝐻2 𝑂
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Appendix C: Aspen Plus Flow Diagrams

Figure C.1 Aspen Plus General Flow Diagram
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Figure C.2 Pretreatment Flow Diagram

Figure C.3 Enzyme Production Flow Diagram
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Figure C.4 Hydrolysis Flow Diagram

Figure C.5 Fermentation Flow Diagram
133

Figure C.6 Separation Flow Diagram

134

Appendix D: Aspen Plus Stream Summary

Table D.1 Aspen Plus Stream Summary
Stre am Name
Description
From
To
Stream Class
Maximum Relative Error
Cost Flow
Total Stream
Temperature
Pressure
Molar Vapor Fraction
Molar Liquid Fraction
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
Mass Solid Fraction
Molar Enthalpy
Mass Enthalpy
Molar Entropy
Mass Entropy
Molar Density
Mass Density
Enthalpy Flow
Average MW
Mass Flows
EG
H2O
TPA
BHET
DEG
AA
TPAS
N2
O2
CO2
NH3
ACETONE
AIR
CORNOIL
LACTI-01
GLUCOSE
LYSINE
GLYCEROL
SO2
3-MET-01
FUROI-01
MHET
ETHYL-01
POLY(-01
POLY(-02
ENZYME
ETHYL-02

Units

ACETONE

AIR

CORNOIL

CSL

CSL1

MIXCIPSD

ENZYME
MIXCIPSD

ENZYME
MIXCIPSD

ENZYME
MIXCIPSD

ENZYME
MIXCIPSD

29.53213178
1
0
1
0
0
1
0
-58841.83143
-1010.482392
-74.17182518
-1.273742192
0.013437551
0.782487766
-272095.0949
58.2314268
969.3809112
7.62027E-38
0.278113303
2.01679E-40
0
0
0
0
0.026102562
0.003705648
0.168013701
0.000149551
961.2361897
0
3.99532E-30
1.56244E-38
0
6.33217E-30
0
0
7.668636771
0
0
0
0
0
0
0

25
1
1
0
0
1
0
0
-1.86852E-13
-6.47658E-15
1.0467772
0.036282939
4.03402E-05
0.00116383
-1.5571E-11
28.8503972
8655.11916
0
0
0
0
0
0
0
6639.19476
2015.9244
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

25
1
0
1
0
0
1
0
-196688.3387
-696.3238388
-435.8262247
-1.542929245
0.003128779
0.883775937
-1934.232886
282.46676
10
0
0
0
0
0
0
0
0
0
0
0
0
0
10
0
0
0
0
0
0
0
0
0
0
0
0
0

25
1
0
1
0
0
1
0
-100160.2923
-2396.393953
-68.22201864
-1.632251956
0.027725821
1.158835463
-27822.30341
41.7962548
41.7962548
0
12.0702376
0
0
0
0
0
0
0
0
0
0
0
0
29.7260172
0
0
0
0
0
0
0
0
0
0
0
0

25
1
0
1
0
0
1
0
-100160.2923
-2396.393953
-68.22201864
-1.632251956
0.027725821
1.158835463
-83466.91022
41.7962548
125.3887644
0
36.2107128
0
0
0
0
0
0
0
0
0
0
0
0
89.1780516
0
0
0
0
0
0
0
0
0
0
0
0

SEPARATI

$/hr
C
bar

cal/mol
cal/gm
cal/mol-K
cal/gm-K
mol/cc
gm/cc
cal/sec
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
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Table D.1 (Continued)
Stream Name
Units
Description
From
To
Stream Class
Maximum Relative Error
Cost Flow
$/hr
Total Stream
Temperature
C
Pressure
bar
Molar Vapor Fraction
Molar Liquid Fraction
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
Mass Solid Fraction
Molar Enthalpy
cal/mol
Mass Enthalpy
cal/gm
Molar Entropy
cal/mol-K
Mass Entropy
cal/gm-K
Molar Density
mol/cc
Mass Density
gm/cc
Enthalpy Flow
cal/sec
Average MW
Mass Flows
kg/hr
EG
kg/hr
H2O
kg/hr
TPA
kg/hr
BHET
kg/hr
DEG
kg/hr
AA
kg/hr
TPAS
kg/hr
N2
kg/hr
O2
kg/hr
CO2
kg/hr
NH3
kg/hr
ACETONE
kg/hr
AIR
kg/hr
CORNOIL
kg/hr
LACTI-01
kg/hr
GLUCOSE
kg/hr
LYSINE
kg/hr
GLYCEROL
kg/hr
SO2
kg/hr
3-MET-01
kg/hr
FUROI-01
kg/hr
MHET
kg/hr
ETHYL-01
kg/hr
POLY(-01
kg/hr
POLY(-02
kg/hr
ENZYME
kg/hr
ETHYL-02
kg/hr

H2O

HOT-H2O

HOT-H20

HYD-TPA

NH3

ENZYME
MIXCIPSD

HYDROLYS
FERMENTA
MIXCIPSD

FERMENTA
ENZYME
MIXCIPSD

HYDROLYS
B3
MIXCIPSD

ENZYME
MIXCIPSD

25
1
0
1
0
0
1
0
-68262.19624
-3789.127687
-38.96516931
-2.16289557
0.055172998
0.993957
-474043.0295
18.01528
450.382
0
450.382
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

38.68139644
1.959446429
0
1
0
0
1
0
-68018.11642
-3775.579198
-38.16796072
-2.118643769
0.054434923
0.980660377
-1258526.399
18.01528
1200
0
1200
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

65.29100876
1.839052915
0
1
0
0
1
0
-67532.75179
-3748.637367
-36.68239877
-2.03618255
0.052965672
0.954191412
-1249545.789
18.01528
1200
0
1200
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

60
1
0
0.47714616
0.52285384
0
0.509099963
0.490900037
-64614.07917
-414.9753087
45.11837196
0.289766728
0.008235769
1.282357336
-20624.67696
155.7058404
178.9235058
0
0
91.08995015
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
87.83355566
0

25
1
1
0
0
1
0
0
-10962.54896
-643.6986783
-23.60450353
-1.386008653
4.03402E-05
0.000687016
-6090.30498
17.03056
34.06112
0
0
0
0
0
0
0
0
0
0
34.06112
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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Table D.1 (Continued)
Stream Name
Units
Description
From
To
Stream Class
Maximum Relative Error
Cost Flow
$/hr
Total Stream
Temperature
C
Pressure
bar
Molar Vapor Fraction
Molar Liquid Fraction
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
Mass Solid Fraction
Molar Enthalpy
cal/mol
Mass Enthalpy
cal/gm
Molar Entropy
cal/mol-K
Mass Entropy
cal/gm-K
Molar Density
mol/cc
Mass Density
gm/cc
Enthalpy Flow
cal/sec
Average MW
Mass Flows
kg/hr
EG
kg/hr
H2O
kg/hr
TPA
kg/hr
BHET
kg/hr
DEG
kg/hr
AA
kg/hr
TPAS
kg/hr
N2
kg/hr
O2
kg/hr
CO2
kg/hr
NH3
kg/hr
ACETONE
kg/hr
AIR
kg/hr
CORNOIL
kg/hr
LACTI-01
kg/hr
GLUCOSE
kg/hr
LYSINE
kg/hr
GLYCEROL
kg/hr
SO2
kg/hr
3-MET-01
kg/hr
FUROI-01
kg/hr
MHET
kg/hr
ETHYL-01
kg/hr
POLY(-01
kg/hr
POLY(-02
kg/hr
ENZYME
kg/hr
ETHYL-02
kg/hr

NH33

O2

PET

ENZYME
MIXCIPSD

ENZYME
MIXCIPSD

PRETREAT
MIXCIPSD

25
1
1
0
0
1
0
0
-10962.54896
-643.6986783
-23.60450353
-1.386008653
4.03402E-05
0.000687016
-6090.30498
17.03056
34.06112
0
0
0
0
0
0
0
0
0
0
34.06112
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

25
1
1
0
0
1
0
0
-8.8977E-13
-2.78064E-14
0.026139633
0.000816894
4.03402E-05
0.001290838
-2.47158E-11
31.9988
3199.88
0
0
0
0
0
0
0
0
3199.88
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

25
1
0
0
1
0
0
1
6.21153E-13
3.23229E-15
2.42638E-15
1.26261E-17
0.037016472
7.113496206
1.87054E-12
192.1711

S

S3

S6

B3
MIXCIPSD

FERMENTA
SEPARATI
MIXCIPSD

PRETREAT
HYDROLYS
MIXCIPSD

60
1
0
0.47714616
0.52285384
0
0.509099963
0.490900037
-64614.07917
-414.9753087
45.11837196
0.289766728
0.008235769
1.282357336
-10312.33848
155.7058404

50
1
1
0
0
1
0
0
-21372.1403
-653.2380801
-0.67626307
-0.020669937
3.72193E-05
0.001217713
-1586352.961
32.71722967

25.00000001
1
0
1
0
0
1
0
-231671.9213
-1205.550269
-416.5490098
-2.16759445
0.003339312
0.641719354
-697544.7806
192.1711
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Table D.1 (Continued)
Stream Name
Description
From
To
Stream Class
Maximum Relative Error
Cost Flow
Total Stream
Temperature
Pressure
Molar Vapor Fraction
Molar Liquid Fraction
Molar Solid Fraction
Mass Vapor Fraction
Mass Liquid Fraction
Mass Solid Fraction
Molar Enthalpy
Mass Enthalpy
Molar Entropy
Mass Entropy
Molar Density
Mass Density
Enthalpy Flow
Average MW
Mass Flows
EG
H2O
TPA
BHET
DEG
AA
TPAS
N2
O2
CO2
NH3
ACETONE
AIR
CORNOIL
LACTI-01
GLUCOSE
LYSINE
GLYCEROL
SO2
3-MET-01
FUROI-01
MHET
ETHYL-01
POLY(-01
POLY(-02
ENZYME
ETHYL-02

Units

EGTPA

F-AIR

F-ANTIFO

F-CSL

F-NH3

GLUCOSE

HYDROLYS
FERMENTA
MIXCIPSD

FERMENTA
MIXCIPSD

FERMENTA
MIXCIPSD

FERMENTA
MIXCIPSD

FERMENTA
MIXCIPSD

ENZYME
MIXCIPSD

60
1
0
1
0
0
1
0
-147114.1083
-1300.98516
-124.6374405
-1.102215568
0.011736341
1.3271338
-868486.4905
113.0790057
2403.218317
672.5092644
0
1730.709053
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

25
1
1
0
0
1
0
0
-1.86852E-13
-6.47658E-15
1.0467772
0.036282939
4.03402E-05
0.00116383
-1.29758E-11
28.8503972
7212.5993
0
0
0
0
0
0
0
5532.6623
1679.937
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

25
1
0
1
0
0
1
0
-196688.3387
-696.3238388
-435.8262247
-1.542929245
0.003128779
0.883775937
-54635.64963
282.46676
282.46676
0
0
0
0
0
0
0
0
0
0
0
0
0
282.46676
0
0
0
0
0
0
0
0
0
0
0
0
0

25
1
0
1
0
0
1
0
-100160.2923
-2396.393953
-68.22201864
-1.632251956
0.027725821
1.158835463
-27822.30341
41.7962548
41.7962548
0
12.0702376
0
0
0
0
0
0
0
0
0
0
0
0
29.7260172
0
0
0
0
0
0
0
0
0
0
0
0

25
1
1
0
0
1
0
0
-10962.54896
-643.6986783
-23.60450353
-1.386008653
4.03402E-05
0.000687016
-3045.15249
17.03056
17.03056
0
0
0
0
0
0
0
0
0
0
17.03056
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

25
1
0
1
0
0
1
0
-304701.5657
-1691.304893
-276.5760106
-1.535188567
0.006515774
1.173866801
-84639.32381
180.15768
180.15768
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
180.15768
0
0
0
0
0
0
0
0
0
0
0

$/hr
C
bar

cal/mol
cal/gm
cal/mol-K
cal/gm-K
mol/cc
gm/cc
cal/sec
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
kg/hr
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Appendix E: Copyright Permissions

The permission below is for the use of Figure 2.1
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Appendix F: Copyright Permissions

The permission below is for the use of Figure 2.2
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